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Summary: the mu£es$J Mmuijse system t>i' rn;a:?^y«^is rouyists t>f 'ah' fjxuv 
grated rifttwark^of lymphoid tells wkKh work ny cimc&ri \yith imam hcs&t 
factors to promos km defease. :MaJ*ra mucosal efT^tov ivrirnur^ ft)tid?a- 
tmm include mcxm^y mtiH*\tek. l^ely of lniniii^tig1<)buiiJi : A (igA) 
totype, cy totoxic I ceik, as w«?E as c:yiofctes : dhsropfcUjes axici dveir 
receptors. TmnTURologk-. ^^rt^pemftivtsft^s (totersnee) Is a key ie^ure of 
fh^muccisal iinmriine ^iyiixem, md ddil>era^ ti&cciiiatk>ji pr; natural iMim- 
auadoii by 3 mums*! route cm dkctWdy fcttfuc* imimjue suppression 
The div^r^ amx^xmimm )mm<\ in tfte ^;rc#j.geM&e- . g^tiurSnsry 
tracts isiwl e?to^rioe >>tocis eoYfrniurae^e via prete r<r^tial homing of lynv- 
photytes iwxd 3tafig:en^pr^s<>»tiJ^g ceUs Miifxtsai »4mmi$a^iiovv 
may mhvH m the coneoirjiiyM ^pressioft of seemory jmmuoogk>buhn A 
(S-lgA) astti body r^pr ja*^ ii-j Y&HqtK mweeisaJ u^-aes and ^ecredoas, and 
tmfax c^tairj ,{-Qft&Sii?rt3i> ia the suppression of hTjmwf^ respooses. Tiviis. 
dewtapmg fcfxuiktfe^s based- oil efikiesit ikHvery: of 'sdecterf. -ai-js^ 
gen.fi/ tokrogens, cytokines m& adjutants may impact.. e» the design of 
•future va«'i«ftS:-s».d of specific immru^bwpeutic- approaches agai tot dis- 
eases associated wHV tmt*jiwar<i itfjwuto? .^fj&|>Ci0is<s$; such as- aufroiromtme 
•d ; is<^de:(^> allergic fcuil^ons.- .im\x&-chw&j£^ reacoooN 
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Introduction 

T'hev mucoiaK mexnbjranes cov^rixig tfie aeroclige^ilv^ and the. 
tifogetrUal tr^izis its wet) .as flit? eye cicjxijxi^diva, t\m tnixer e:a.r 
ioci \M ,<iucts c>? ^0 oxoerme g}a^d$ ate enck>wwlwith powe?rfti) 
niechatxtcal and physiooeh^raical cleiixisi^g ^:^charu^;as that 
degrade as*d xtptl -most Ibreign inatter; In addiuori, a large at id 
•highly specialized itnnrtnno systeixi protects these surfaces and 
thereby also the body interior against )^>tentiali n suits horn the 
^nsifprvai^xitv In a healdry human adtilt, loial imtniase sy$> 
cem contrihrit^ almost 80% of Lniixlufiocytes. Thv?se cells iir^ 
accumulated hr or in transit bmvmi various -mucosa* organs 
aaci, glands and together they form, the mucosa- associated |y tn- 
phoid tissue (MALT) , rhe largest man'n^alUn .lyixiphpid' organ 
systern, 

tiw MALT' has three -maia t\axctions; I ) co protect the 
nuicoxis inemhrane^: against ccilonixatioix atid iavia$iori by 
potentially dapgertn:^ microbes encauniefed- I) m previtnV 
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uptake of: undegraded antigens tt.jclu.rfixig foreign proteins 
derived horn ingested, food and commensal . micTiCjpi'gaiilsins;-. 
and 3) to prevent the developxnent of hatmfiil ixnxnune 
responses to thestvanti^ns if they do reach the body interior 
At variance with rhe systemic immune apparatus which func- 
tions ill a normally sterile milieu and often responds vigorously 
to inyaders. the MALT guards organs that are replete with for- 
eign matter: It follows that upon encounter with tins plethora 
of antigenic stimuli, the MALT must ignore such antigens, or 
economically select appropriate effector nxeehanxsms and reg - 
ulate their intensity to avoid bystander tissue' damage and 
:ininiui3C)3ogica3 exli auction. Since this system cannot discrimi- 
nate between pathogenic xmcroorgaxii sn j s on the one hand, 
and innocuous matter, such as dietary matter arid coiximexisal 
microorgaxrisms, on the other, Li is likely to recognize all for- 
eign peptides. hhjeidatixig the mechanisms that determine 
whedver recognition of such diverse antigens will result in 
aeiive inxxjrunity, xmmiuie suppression or ignorance, will have 
a major impact in the development of effective mucosal vac- 
cines against .-infectious and ixirlamroatory diseases. 

Although the immune apparatus k remarkably diverse, 
there Is strong evidence that certain types of irornxme responses 
tslfce place and are basically restricted to certain an at ormc loca- 
tions within the body The MAIT represents a well-lcnawn 
example of such a coxnp;u:trnentahxed innxmnoJogica} system. 
As opposed to the central and peripheral lymphoid organs, the 
MAIT contains Inhoniogeneoxtsly distributed B and T cells 
-whose pltetKiiype, repertoire, deveiopmentai origjn, secretion 
products arid hence probably also function are di fferent. First, 
the prime inununoglohulin isotype produced and assembled in 
mucosal tissues is secretory immunoglobulin A (%&)> which is 
only present in trace amounts in the mtravascukr compart- 
ment. Further, and although major species differences have 
been observed, jxoxt-cotn^entiotxal lyxuphoeytes rarely seen In 
the spleen and peripheral lymph nodes are encountered at 
appreciable frequency in different, mucosal locations, e g ci/JS 
T : C&+CD4-<:D.8" cells. 7/6 TC^^CD^:CD8. a*CDB and y/B 
TCR-CD4 CDE a CD8 ft' T cells in the gut epitheUum. The anti- 
gen receptor repertoire is also different in each locatioji. Ilxtis, 
self -reactive T cells are detected among m urine intestinal 
intraepithelial vl/Q and v/§ TCR* T lymphocytes, Furthermore, 
in contrast to the T and B lymphocytes found in central and 
peripheral lymphoid organs, certain 7/6 and a/p 'T cells found 
in die mucosa, and presxnx) ably also mucosal (IDS 1 B ...ceils ; do 
not depend on the thymus or bone marrow for their develop - 
nretit:, respectively In addition to divergent lineages that are 
driven to different organs by tissue-specific horning receptors, 
local selection mechanisms may be important in the diversifi- 



canon of "mucosal immune responses. Selection may be exerted 
by local antigens, ant igen- presenting cells (APCs) whose func- 
tion varies in each axiatoxnical location, cytokines, chexnokines 
and eelimiatrix interactions, thus leading to the expansion and 
maintenance of some clones , whereas others arc dil uted out w 
deleted.. Thus, by irs cellular composition, and rhrough. the 
conipanrnentalization of its afferent and efferent limbs, the 
MAIT fiixictioxis essentially independently of the systemic 
imxnune apparatus. 

Although xnqst inieciious microorgatustns colonize or 
enter the host thro ugh mucosal membranes, it is the systemic 
immune system which has been the focus of most vaccine 
research. Aside from the ease of their administration, an 
Important advantage of xmicosai vaccines is the theoretica] pos- 
sibility of inducing both mucosal and systemic hxinnthci 
responses, while the reverse does mot hole! true. Since specific 
hum oral immune defense is presided by both serum and by 
secretory antibodies, predominately of the Ig A isotype, that are 
selectively transported into external; secretions;, most vaccines 
considered for- further improvement or development should 
ideally induce both system k: and mucosal responses. 

Equally important to host immune defense is the capacity 
of MAIT to promote specific immunological unresponsiveness 
(tolerance) after natural or deliberate mucosal exposure to a 
variety of antigens; This form of tolerance is considered as a 
major adaptive immune defense mechanism wh ereby we avoid 
developing harmful immune responses against the plethora of 
dietary and airborne antigexis encountered each day 

'Tints v feom a theoretica! standpoint, the possibility of 
manipulating the mucosal ixnxnune system towards positive 
immxnxity and /or tolerance appears -ex* re meiy attractive when 
amsidering strategies armed at protecting the host If om colo- 
nization or invasion by niierobdai pathogens but also to prevent 
and/or to modxdate die development of potentially harmful 
iitinHmoiogicai reactions agaixist the same pathogens and also 
against certain self antigens and allergens, Such considerations 
should finally bring mucosal vaccines to center stage in vaccine 
development 

Adaptive effector mechanisms in mucosal immune defense 

Three major adaptive effector mechanisms participate in the 
xunxsune defense of rnxtcosai surfaces, Secretory antibody for- 
mation axid antigen specific cell-mediated cytotoxicity are the 
primary mcchaxilsms involved, in antimicrobial defense and act 
primarily but not exclusively in the epithelium of ah mucosal 
tissues, in addition, a third form of mucosal immune dele use is 
contributed by regulatory cells which act in both epxthelxuxn 
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.ami submnciosa as well as in extramucosal Ximw* ma.My 
through the production of -soluble mediators, Although these 
eefts ^ regxilate IgA an tabody formation ami the dev eiop m en l 
of c^I-mediatei .-cytotoxic responses they participate in the 
rnauuuin^ce oLnmm%ti tolerance against nio.si envi ronrnental 
matters -and- as such can be regarded as key players in ireueosai. 
defense against mflannnation. 

ImiTume responses expressed m fniKtml tissue are typified by 
secretory imixiuiicj globulin A (S-igA) antibodies S-lgA consti- 
tutes rise predominant Jg class in human externa* secretions, 
and is the best known entity proFvidirig specific immu rife protec-v 
Mm for inucosal tissues. White the synth^is and assembly of j 
cha^'CGfttairiiog poly merle IgA molecules is contributed to by 
plasma cells, mucosal epithelial cells synthesize a .secretory. 
c:oinpoiie.nt which acts as a cell surface receptor to factlUafe'.tlre 
transport of newly formed IgA across epitheliaf cells , The rest^ 
tanoe of S-IgA against endogenous [)roieases makes antibodies 
of that isotypc uniquely well suited to protect mucosal surfaces. 
S-IgA antibodies provide "immune exclusion" of bacteria! and 
viral pathogens, bacterial, toxins and other potentially harmhil 
molecules, a fiJKCttoitr that appears to be facilitated by its afftniiy 
for binding to mucus, Sd'gA has also been reported to netitrah 
im directly a number of viruses (1 { 2), to mediate antibody- 
dependent cell-t^iediated cytotoxicity and to interfere with the 
utilisation of growth (actors for bacteria) pattern hi the 
m u Li >s at ei tv 5 roe. ( n en t - 

Mucosally derived S IgA differs from bone mar row - 
derived serum 'IgA., not only in terms of specific anribody activ- 
iry but also in. the proportions of polymeric vs inonOtaerie 
forms (3) . The ontogemeii of the mucosa) and systemic IgA 
comparm^ents display characteristic and apparently impen- 
dent pa i terns of maturation. Adult levels of S- Tg A are reached in 
externa] secretions considerably earlier (1 month to 2 years} 
than in the serum (adolescence) (4, 5). Experiments that 
addressed, the origin of mucosal antibodies have indicated that 
an oVe;m4ielmnig proportion of such a nobodies are produced 
locally in mucosal tissues and thai: only a Bite: fraction derive 
from the circiilaiiOii in most species, including humans (6> 7). 

M ocosal cytotoxic: f iyrnpbocytes- 
Although the focus, of most investigations has been on mucosal 
cytotoxic T lymphocytes (CTU) induced by viruses, it should 
be borne in. mind tMt\*Utjb^y-iiittJiated cytotoxji city and. nat- 
ural killer (jsTK}-c;eli activity are major responses associated 
w irh mucosal lymphocy tes (S-14) The relevance of the latter 
responses in die field of mucosa! vaccine developmenr Las not 



been ascertained and is therefore beyond tire scope of this 
review; 

Two major effector mechanisms associated with. GTIs have 
been described : exocytosis from CTLs onto target cells of^ram 
ules containing the pore- forming protein perforin and several 
serine proteases also termed granzymes, and ligation, of a. 
tumor tiecfosts factor (TNF) receptor-Mice molecule (Fas or 
CD9 5) on the target cell by fast or TNF: on the CTL side (1 5% 

Ci'ls ifx the mi muowi 
An early sudy demonstrated that intraperitoneal immunization 
with an allogenic tumour induced speciEc CTLs in the gut lam - 
ina propria and epithelium at a time when very cytotoxic 
]y mphoey res could he detected in peripheral lymphoid organs 
(9), 

h is now established thai adnunistration of certain enteric 
viruses into the gastrointestinal tract also results in early 
appearence of virus- specific CTLs in Peyer's pai.c:hes (16-2 t y 
Firrthjen reoYirus infection also induces effector CDS ■ TCR* 
CTLs in the intestinal epithelium (2.0). Similarly, rotavirus 
infection kuhices increased pCXLs in G ALT and, their dissemi- 
nation throughout die murine lymphoid system (17). These 
•foldings suggest that afrer enteric infection or immuni^atiojn 
antigen induced CTLs are disseminated from Peyer^ patches 
via the lymphatic drainage (21) , arid could serve as one of the: 
sources of pCTL progenitors destined to the epithelial defense 
system. The- potential of this system in immune clearance of 
enteric viruses has been docuxnented in several systems. Thus, 
mice orally infected with loxopksrmi gondii develop intraepitheliaj 
€08' ap TCPc" CTLs winch can transfer protection when 
infesed into naive recipients (22). Further, effector CTLs pro- 
jected against gastrins in a suckling mouse model of rocavjrus 
infection (23) . In a series of elegaru studies designed to define 
the host deterininants of rotavirus immunity it was shown that 
adoptively irartsferred CD8 - T cells mediated clearance of 
rotavirus infection in severe cofnbined ijnmiinodefrciency 
(SCID) mice (24-26). Although S4g:A can also neutralise 
roiavirus infectkm of epithelial entetocytes (27), these studies 
indicate that CDS* CTLs are of central importance hi rotavirus 
Immunity 

Worth mentioning are the res tills of recent studies show hag 
that intrarectal unmum/arion of mice with a synthetic, rnul - 
tkietermixiant human. :unmuuodehcieucy viriis (HIV) peptide 
induced longdasttng, antigen- specific CTL memory m bc>di the 
inductive (Peyer s patch) and effector (lamina propna) mucosal 
sites, and prcitecied mice against infecuon via mucosal chal- 
lenge with a recombinant vaccinia virus expressing HIV- 1 
gp i 60 (28T These studies provide evidence for the ability of 
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CTL In te:it»«vVtfi niedi;ne proteenoxi against %mii:fM§mls- 
mm- 

The tetesmm. &t activated OX& ibitewing vita* deas-ance suggest 
t-teif; diese e:dk do xkh ptay a very critical role in prev entitxa of 

virns (MY)-,, influenza siad paraij-iluen^ virx&e^ !n cotstrast, 
studies In h;rnTnini>sxippre^ifi armxials indicate thai CILs play a 
mrrf mte: kt xks mm&uimn of mMt^i mspimmy viral 
infections (W-^i u h h likeiy thai CT£$ play ako a xna|ot roSe 
in the dearanee of e$tih!&&ed respiratory vte infectkin^ in 
hiuxmns, Studies in pUi<m& w\m had nndetgoxie immtmo^np- 
pf^Stve: dxernotherapy indk aic ih&t these p&d&rttx mifet mm® 
£m<\mm Mi&mmm hxleetionc with mBmm& t mr-pnmm-- 

Deiaded studies of immntte i^sppbses. after it)trana$y 
iiifectiOJi &t 'xt>d&ms with iMhxmm ymis hmt. mM$Mi 3fdd:h 
tionat hnrnuxle psdnv&ys njv<jlv^ci. in vizm xde&ts*&'£- in dsis 
rnodeb use of €04 mweceptn? knoekoxits or neter mim m. 
whom thk mhm bad been depicted didnoc afleet induction of 
pCTfs or $|gni3£3p% d^mm of infection in 
anoihex sfcudvy clearance o'f intlnen?>* was xint at lered "by - the ns& 
<sf {i.: ^m>glob^tii:'k^^l^£ nai-ce-wMeh lack CDS* T cells or 
mice which fed fee:fcn treated: vvxixr n^nxoelortal antibody 
(n>&b) anti-CM (34), In the sarae model the hnding dm 
T cells with several clans specihcuxes ixscnmse in the 
infected Mt& as clearance occurs raises torigirtng .:e;];xi£sixo:tfs : 
i^gai-ding the m^hrn^ xoleof #T cells in antiviral imnntniiy 

Several stndtes Save also estabbshed d^i: gfffe^st CTL$ pro- 
tto tdic*> (mm KS V infectkm. the KS V F deteiitiitiMt, a 22 k;0 
glvcoproj^in. M- a ina|or i:argt?i; of -jjCTis a«d 0?L indtjctiau by 
SS? i^fetot vaccina vinBi expmssiBg F gJycopnneni - 
mckic<?d j?roii?ci:t vc C^U (M, $7% M a ^patatc^ Ime of iriv^d-- 
gauotu die murine ESV stiMadei umd to cl&t&rmias the :cela- 
it've unp<^taxiM CD4 + T celfe> in;dvidinf^T 1 
Bnd T bdpex 2 (Tli2) -subsfeSs wk^:h xcsnkcd in. Mto^i^M 
vs iUBmmiij- ttese mtidfes. cfeady suggest dmt antofem^-y 
p^--Y^P«^^g CD4^ Xhi c^lfe d$ ^11 a<> CIP* Talk* 
a^dat^d with recovery; while €IM* Tk> -eelk are 3ic5t {3S f 
39) , Bm^s^ngly- pmn with iu aciivared BSV or F g:lyc<>]>ro- 
teitt induced t:Df4 + while live KS^ eii cited the Thi- 

typt? pateay W)- 

Cth in the pntal ma n^mm 
The tjifn>u$ macatjtre xnodel of vagif ja! infection with sim^m 
n^irunnc>delieiency vinis (STv-) he«; s n lisefnJ ia ssudn^ of 
local in nmntitv ^> m xba immds- Tepnxh?cdcc tract (4U|, 



Rece n t studies m this model luive. provided direct eviderii- e: that 
pCXXs mem in female macaque reproductive- t}^ues> and that 
Lxd«t:iit>n wltk §IV xndnc^ effector CTL;re$pt>:«^ in the e^ginat 
mnsosa (41). hi^re^thigiy; in^cji<:pie^ yagitjally hdeci.<id .with 
m Si : V7HiV:-.l chitncf ie vim$ (BHW) displayed gag^pi?ci8;c 
CTI^ in penpiiera! blood and r^^^d two ehalkriges >v^h vit- 
titent $N {4:1}. 

in a recent $ixui$ $m&Mn%HN<- 1 mteetejd women , cervical 
T-celi lines esieddi^hed froin cp6b;fcUfiJi specimens were shown 
to ly se arnologom iargi?^ c^pre^^iig HIV- 1 pnMtei&(4:&) . Cla.^ 
ltyfC:>n^trk;ted CtH " CTl clones ly^d t<5tge^ e^pre^ing env 
gp4 i or tn!e<:tei with H1V- L Class. I imp? Mm^mm^^^Mxf 
mmplm (MHC) -te^tricted. CI)8 r cltm<^: ^eognix^d. H3Y : > 1 ^g - 
■>r i^;^r>^x| : >res»in|>: tatgeis. ThUi m$<\f provided evidence for an 
MH^-restrtc?;«d Ql, ejfeeitor ibnenon in die hxsmsn ieniab 
genital tiraec irmcosa, 

ii%gviji:tqry T & the n)^co^l:nv^ur>e sysliern 
X cel^ sxe required lc>r :ni:ne<^ai inwimt^;. whether it d«s^i<*ps 
as mftan-»mtio:o> «:«: a« taierance m as' help tm specific S dgA 
snd bodie^ or CTl^ i:n respond to vaccine^, B ceU connin'«n^nt 
(&~m ^vi-ehing:) m& B-T ^ntetaettoni w|x«:h re?>nb in itw 
indncdon: of pksnra ceib< prcjdii<::tng pdlymene IgA (plgA) arc 
of central impor?>n:ice tc> Blxiemal ttxinivifniy. Cytokines and 
:di^0kites : pr:c>dne«d by and C3D§ - T-ceil snb^e^ m& by 
ek^ica! APC:x (e,g. d^nddiic cd& (DC^< mactophage^ and 
B cells)} well ac by non-chi^^K^I (e-g, epitlntUal ceUs) 
coxitttbtite to M aspects of notinaJ innminit^ teler-- 

ancx^ m& m&&x\m$%i%n m she itntnune fe§p*>nse, 

Ee|idatory ;f v^ife can be eaa^i&d. t) rraivc, or those 
whieii have am yet eacoui^ered antigen; 2) aetimted ;(eBec- 
?;or) ; and 3 ) men:vory type$. I Rector mrt xneaxory T celfe- are 
bxjdi. actively exigaged m the imtnixne •msponse. Tiie xsxi jc<^al 
rnigratioxi pa$serxi« oi : the three xnajot snh$e^ ? aieag '^'xth xh»:? 
homing of B [ynjphoey!es > ibrni dxe ceilniar basis fer the eoni- 
nxon xoueosal ^mimme symm (44), Maxvi? 0)4 ; pfecurHOts of 
Th cells (pTh) xjprtr^Sy xeeogn^e lbreign : : peptic In Mmd^- 
wm with MBC class Ir an AP<Cs aixd express an <^ TO/- ; Cr>3- . 
CiM^, CDS phenoiype. On the other hand, pcexursor CTLs 
(pjCitU) i?xpr^:^ «fVTCS which usnally xeeopiixe toeigrt ftp.- 
tMe in the congest csf MBC dam I on target cel^ i*nd exhibit a 
phenotype of "G333 " v CI>4 " v itDB" \ Thus, the MALT can be con- 
sidered as a significant reservoir of pTh ccHs md pCTLs so that 
einrnnxter with b^ct^riai pt vtral padxopns c:an rcsnk in the 
indncnon of CD4 > Tfc ceil asid GDB* $m< mpmm. 

M CX>4 :+ Th ceiln cbx&renti^te in response to foreign mfc 
gens, th^y prod nee distinct: cytokine arrays, Ha;ive (plfe) .cefU- 
i\m pxc^Itice itneJlenhta (II) -2) m& dseu tievektp itite> T ceSb: 
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|)n>cku;jiig multiple cytokines (ind\iding : 'both It-N-/ axid 11-4} > 
a stage often termed ThO (45, 46} : . The tissue mferoeiivira?!- 
meat (47% ih:e: :cytf>:kme milieu and she nature of the an d gen 
influence the further (liffcrei^iiation of ThO cells, Thu^ infec- 
tion with intracellular bacteria leads to. the formation of TM 
cells and: these cells often develop following production of 
IL- J 2 by activated ixtacropitagss. (48 > 49). Exogenous antigens 
in the mucosal .micipenvi-^iiai^ii t can trigg.ex 'CD4 :V , NK'l.'l* - 
T cells to produce fL-4 for initiation: of Th2-iype responses 
(from ThO cells) (S Q, 51), Tb2--l vpe cdfe abd produce II- 4 for 
expansion of the Th 2 subset a* well as ILcS, IL-9 * II.- 10, 
and (L J 3 (52—56). This ThZ array rnay mcl tide production of 
11—4; however, the reader should appreciate drat individual 
cytokines are regulated through (hfierent signal era nsductiori 
pathways so that all Th 1 or Th2 ceils do not produce the entire 
array TheThZ array of cytokines is of ixnportanceibr B -eeE jso- 
type switches, and for supporting IgG i « IgG2b, IgEyand IgA 
respi:tt)ses:m the- inpuse 'system (M t 57, 58). 

Xhl and Th2 cells are also sensitive to cross- reguHtion by 
each other. Tot example. II . - 1 2 and IFN-y produced by ThS cells 
inhibits proliferation: of Thl ceils, causes an isotype switch 
from- IgM to IgGla (SO), and inhibits isotype switching 
Induced by lL-4 (59), Conversely Th2 cells regulate the ejects 
of Tb i. cells by secreting II. I 0 which in turn inhibits Thl ceils, 
from secreting cytokines such as II- } 2 and {FN-y, thus decreas- 
ing IFN - -f unediated inhibition a f Th 2 cell s. 

While the hulk of available evidence 'in mice suggests that 
mucosal tissues ; favor the develop in exit of Th2 -type responses, 
the sunation is not as clear-cut in binxiaiis. Thus, freshly iso- 
lated human lamina propria T cells contain an exceptionaiiy 
high frequency of JFN -7-producing cells (60, 6 3) but compar- 
atively few ceils producing It- 4 , II- 5 or II- 1 0 (6 1 ) , Further- 
naore, even in mice, infection with reconi bixiani S^raondla leads 
to the formation of Thl cells and Th?. cells in Peyers patches 
'(■€:%)\ On the other hand, induction of IgA production to pro- 
tein antigens is highly depend exit on T helper cells (63—7 3 }. In 
humaris, TCP-P; and II - 10 in concert with IL-4 have been 
shown to promote B~eell differentiatioti into IgA-produoaig 
cells (64, 65). In this regard* it appears that in addition to res - 
ident T cells , which produce large amounts of IL-4, IL-IG and 
transforming growth factor (TGB)-p. human epithelial cells, 
also of intestinal origi n, provide a major source of TGF-|5 and 
II— 1 0 (lUYpiihUshed observations) . This; suggests that co-opera- 
don between rieighboring lymphocytes and epithelial ceils in 
the mucosal microenvironrneut is pivotal not .only to promote 
the selective transport of xiewty formed IgA across epitbelia but 
also for programing preferential maturation of IgA-cornmixted 
B cells 



Finally an additional type of 0)4* regulatory T cell has 
been cloned from the mesenteric lymph nodes of rodents fed 
repeatedly with antigens (72), These cells or "Th.3" celis, pro- 
duce TGF~{3, variable amounts oi ILA and IL--H), but n o 13. -2 or 
IFN"Y V and appear 10 exert downregthatory properties on: Thl 
cehs (73). Since TG^ -p happens to serve as switch factor for 
nxurine and human IgA t and appears to play a major role in 
mucosal tolerance (reviewed if] (74).) > these: cells xnay have an 
important ftmctton in mucosal homeostasis. 

Mucosal Jhduetive sites and generation of disseminated 
and compartmentalized secretory immune responses 

Generation of an. immune response at mucosal surfaces, where 
many si gntftcant iniectious begin, is not readily achieved by the 
convention al route of parenteral injection, although this is usu- 
ally effective in eliciting circulating antibodies and systemic 
ceft-nicdiated I nun u tie responses. In contrast . mncosal admin- 
istration of antigens may result in the concomitant: expression 
of antibody responses in various mucosal tissues and secre- 
tions, usually without a pronounced systemic immune 
response (85), 

Extensive st n dies coxtcerning the origin of B- and Tlincage 
lymphocytes that u him ate 3 y poptdate mucosal tissues and 
secretory g]ands ? and of imnnmization routes eifective in the 
induction of secretory antibody responses, ind tea red that the 
MAIT can be divided into two functi-oaaUy distinct compart - 
tnents; Jiatnely inductiYc aitsd effector sites.-. This ..physiological . 
division is of .paxanjxatnt importan ce m the design of vaccines 
effective in the induction of protective immunity within the 
niitcosat: iunnune system and, hi particnlar, its hutnocal branch. 

Bxperiments pexh>rn)ed in animal models and more 
recently m SOD mice en grafted with hhntan mucosal lym- 
phoid cells revealed that the inductive sites present in eerialn 
locations, such as Fever's patches in the small intestine, or in 
some species the tonsils in the upper a^rodigestive tract , i\mc - 
tion as primary sources of precursor cells that migrate through 
the lymphatics and blood, and after directed extravasation pop- 
ulate remote mucosal tissues and glands (7 y -78 ) These stud 
ies have led to the notion of a common mu cosal imnxune sys - 
tem (fkj. I). 

it is generaOy believed that .an^g^as'iaken-.up by specialized 
epithelial cells ("M' ! cells Or "tptenfhrahous cells") covering 
mucosal inductive sites can be channeled to pare nx:hy mal tnac - 
roph ages, DCs, B lymplioeytes, and even masi cells, and 7 or 
they can be processed and. perhaps presented directly by epithe- 
lial e^ lis to underlying B and T cells. FoUowing mteraction of 
die antigen with accessory cells and cognate hehper T cells 
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fffl, 1 . Comequences of antigen uptake at iimcosal snffkces. Uptake of 
antigfrn (Ag); rhrough M cells ;Or absorptive epithelial cells (EC), 'raay te&uk. 
in induction of localise] or di$:«e.iTjjna.ted mucosa] ajid -systemic iniimine 
resrx>use:s: ami/or t<jXerancciv CXI, cytolytic Tlymphocyt&K DC dm4ritic 
tdis; t)TH. rieUy^d-fyrje'rf^ p%A, polymeric lg A; slg A, 

•secretory IgA, 



and /or B lymphocytes 'hi the local lymphoid nucrqeaiviron-- 
mem, an m>mime r^ponse may ensue. With the. majority of 
antigens this results- presumably in suppression, of specific 
irnmunity - "mucosa] tolerance" (see helt>\v), However devel- 
opment of an active immune response may also follow mucosal 
in lake of ariutgetj , and die characteristics of the immune 
response generated, intrlttcfrng the balance between . active 
iixuTmnHy and suppression /tolerance may be influenced by 
'several fatJtors, inedudmg the nature of the a;ai:tgen , the type of 
accessory cells, cytokines and lymphocytes involved, and the 
genetic background of the host, two major types of active 
immune responses m ay develop either coneotnitantly or sepa- 
rately: antibody for mation (mainly SIgA) ancl cell-mediated 
immunity The sensitized immunocytes, in particular an tigen - 
seiisitized; B .cells; but: presumably also T cells, leave the site of 
iintiaj encounter with antigen, e.g. a peyers patch, transit 
through the thoracic duet, enter the coxuladoo and then seed 
both that: same mucosa and other distant yet privileged 
mucosa! sites. In their new locations, the committed B cells 



may further differentiate into plasma cells producing antibod - 
ies, mainly dim eric IgA, under the influence of locally pro- 
duced cytokines. 

Tins IgA ceil cycle was first elucidated in. animals through 
the adoptive transfer of cells from the gut- and bronchus-asso- 
ciated lymphoid tissues (GAIT and. BAIT) into recipients 
whose mucosal tissues and glands were populated by IgA 
plasma cells of donor origin Most importantly for vaccine 
development, evidence fbr the existence of a common mucosal 
Immune system in humans has been strengthened in recent 
years by several studies. In addition to the detection of specific 
S-J.g'A antibodies in remote seereuons induced by n atu ral expo - 
sine t o antigens or or;d itntnunization, analyses of IgA. - secret • 
ixxg cells from peripheral blood and mucosal tissues after 
enteric immunization provided strong support for this concept 
(79— Bi), Differential utilisation of organ-specifk endothelial 
cell recognition mechanisms by cijculating IgA iixrmuuoblasis 
induced after mucosal vaccination has also been demonstrated; 
in humans (82 > 83 jc Taken together With studies in the nntrine 
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system, this finding may explain both the xmhication of 
hwKxral immune response'* in diverse mucosal sites aiid the 
physiologic segregation of mucosal from, iion-mucjo^jl 
imffiU:^ nRX'b.aoisms, 

Based on the concept of a courxnon nracosal tannine svs^ 
tesm through which a iracfictf* of lymphocytes activate & in the 
gut, e.g. by ifjgefeiips'i of antjge33u can dissexninate inimxuxHy not 
only in the ititesfciiie bm also to other mucosal arid glandular 
tissues* there is currently much interest in the possibility of 
deveiopjxjg oral vaccines against both enteric arid xn>n -enteric 
mucosal infections, eg. in the -respiratory -or geMiai'tract, How - 
ever, recent studies* irwabitig hnrnuuxzaiipxis of human and 
noji-lRuxiiiri pxin;iate$ as weil as rodents with, prototype noxv 
repheaiing iniixiuaogeixs, such as cholera toxoids o:r cholera 
toxin im&caie that a suhstsxidal degree <if siihcorixp^rtinerxtah 
izaticm exiscs withm die ttiueasal irnxniine sysietri, and even 
within a givexi mucos&i organ such as the gut: ? regarding both, 
homing of IgA plasma cell precursors and i\ml redistnhurian 
of their progenitors, 



The MAC! is eoixiprised of auatomlcatUy cietoieci lymphoid 
mieroconxparfcments, such as the Fevers patches in the sxaail 
intestine, the appendix and sora:ary follicles in the large intes- 
um axid in the re.c:axm, the nasal m ucosa arid the tonsils at the 
enuance of the aerodigeshve tract,, which serve as the priilcipid 
mucosa} uxdxictive sites where ixnmmie xespotiscls are btmg ini- 
tiated (84-&7). It also cob tains disuse aecxtixvubitxotjs of large 
rtuBil)ers <>i'lyrnphold cells that do not associate into apparently 
organic strxicuixes. These cells are either distributed ia the 
lamina propria or interspersed amoxig epithelial cells m 
mucosal tissues and glands, and for jxj the umeosat eiTex:$or sites 
where inxinutie 're>.;pomt^'a^: being expressed. Tire gut mucosa 
is particxilariy we]] invested- with such difTuse lymphoid tissues. 

Mare important for vaccine development is the fact that 
ixnm imitation at .certain- inductive sites m$f give nse to a 
huruoral innnxme response preferentially- matnfested at certain 
effector sites. Thus, a given inductive site may serve as a prefer- 
ential hut not exclusive, source .of precursor cells for certain, 
xixucosal tissxies. 

:Uxxri)uno}f^k^} SfeV^ws imf 'i 99$ ID'S 



Inductivis sites in the ;gut::ass plated 'lymphoid tissues (GAIT) 
The gut contains the most abundant : lymphoid tissues arid 
mciudes organised as well as diffuse lymphoid 'dements. Orga- 
nized lymphoid tissues are comprised of two units - B-cell fol- 
licles and para- or interfalJieular T-eell areas assembled 
within a matrix of loose comiecdve tissue and foil icidar DCs, 
These follicles occur singly or Hi grcmps acid harbour yariahfc 
numbers of macrophages and T cells ( 88). 

Follide -donie strucmres form the main lymphoid compo- 
nent of the Feyer's patches in the jcjinmm and .Ileum and axe 
also found in the large intestine, and especially in the appendix,. 
These structures appear to play an important role in the indu<> 
don of disseminated ininiiiiie responses to oral vaccines 
(Fig. 2). Typiea% thg follicles contain a majority of B cells, 
approximately half of which are activated. The T-ceii zone 
comprises a majority of CB4 ' T cells;; CDS* «^ TCR T ceils are 
mauily locked hi the parafbilicukr area whereas CD8 f TGR 
T cells arc rare. Tile dome is covered by a specialized epithe- 
hum or follicle -associated epithehmm (x A£) , conuhnng 
axuxgeii trans porting M cells. 

The cecal and colonic mucosae are also variably invested 
with comparable lymphoid patches, although tbe epithelium 
covering these lymphoid aggregates does not show the special- 
kalions of M-eelhcon taming EAJss (89, 90% 

Cluster s of folhd es are also found adjacent to the ana-rectal 
junction (91, 91). The potential importance of the rectal, lym- 
phoid tissues as an IgA Inductive site and as a source of IgA 
plasma cell precursors is suggested by several studies. First, the 
predorni nance oflgA2 cells over IgAl cells in the lamina pro- 
pria of. the large intestine dearly diverges from the relative 
apportioning ot the two in other mucosal tissues, such as in the 
small mrestixie ajid in rhe upper large miesune (93), Further, 
rectal immunization of humans > uomhuinan primates and 
rodents has been shown to induce strong secretory amibody 
responses in the recsal mucosa. Although in most histances, 
rectal iixiniu nidation induced secretory antibody responses in 
the recta! mucosa itself (94- i 00) . in some instances, recta* vac- 
Cinmion COtild induce specific: antibodies in serum, and also in 
secretions from remote mucosal organs, such as saliva (102), 
and genual secretions (92-94,, 96). Although the potential of 
the recta) mucosa to serve as site of induction of mucosal 
responses is now well established, it should be pointed oin: that 
rectal immunisation of macaques with CT, one of the most 
powerful mucosal immunog ens, was shown to be poorly effec- 
tive at inducing an irnmuue response it] the Upper pari of the 
intestine and especially in the small intestine (100), 

Recently, a new type of "organized" lymphoid tissue, 
termed the cryptopatch, has been identified in the murine 



intestine ( 1 0 1 ) . These consist of microscopic: aggregates (a few 
hundred ad Is) of immature lymphocytes clustered in the lam- 
ina propria. Although cryptopatches have not yet been iden ti - 
fied in humans, ti Iras been proposed thai they represent a pre- 
cursor source oi intestinal intraepithelial T cells, The potential 
role of these structures m the induction of active Immunity or 
tolerance to mucosauy emmmfered antigens remains to be 
explored. 

inductive Sites In :the na.SG-pha'ryr;geal lymphorettcular 'tissues 
(NALT) 

Several recent studies have emphasized the importance of the 
nasal cavity for the generation of mucosal and systemic 
immune responses that may exceed in magnitude those 
induced by x^rai uixtnunizaticm (83, 102— i 11). When mtxo- 
duced into the rtasal cavity, usually along with mucosal adju- 
vants, viral and bacterial antigens induce superior immune 
responses in external secretions such as saliva and, surprisingly 
in female genital tract secretions. Because neither IgG nor IgA 
antibody titers in vaginal washes correlate with serum anti body 
responses, it is assumed that antibodies of both iso types are 
predptninantly of mucosal origin.. This finding may have 
important unphcations fox ihe design of vaccines effective in 
the induction of immune responses in the: genital tract. 

Thus, different iirunuiiixattoti routes (intranasal and: oral) 
can induce geti exalt zed mucosai immune responses, a lthough 
the relative representation: of dominant antibody isotypes may 
vary; Nevertheless, nasal immunization appears to induce S-JgA 
immunity in a broader range of mucosal tissues lhah oral vac- 
cination. This may be explained by the recent observation thai 
circulating IgA--secreiing cells induced after nasal vaccination 
express amort? promiscuous profile of homing reeep tor s than 
their correspondmg counterparts raised after oral or rectal 
immunization (82, 83). Vv^h ether s neb. antibody responses Are 
also induced In the male genital tract remains to be determined, 

hxmnuKjhistc^chenncal studies have indicated that the epi- 
thelium of the human nasal mucosa contains intraepithelial 
lymphocytes (lELsj staining predomiuaxuiy for CD3, CD 2, 
CDS, and COS, hut lacking Leu 8 (homing receptor analogtie of 
Mel 14) (nj, 124) Few (<10%) nasal IEI.S stain for CB4, 
Nasal IELs rarely express HMLl „ whereas the .majority, of intes- 
tinal, tonsillar and adenoidal IELs are HMLl \ HLA pR > 
intraepitheliai DCs ceils have also been identified' in nasal 
mucosa specimens. Virtually no B cells and no organized sub- 
epithelial ly mphoid tissue are found in the normal h uman nasal 
mucosa. In contrast, the nasal mucosa of adult; rats and mice 
comprise lymphoid structures with distinct T and B- ceil areas 
(11 2 , 1 13 ) Furthermore, the majority of intraepithelial lym- 
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;phocytes\p.c>piiUtiag--the xsasal epitbeliam are slg- B .cells with, 
a few CD4 * or CDS" 1 " T cells in rats (1 12) , whereas the murine 
nasal epidi^lixtJtj is jnfiUrated rnaihiy 'with CD4 y T lyitiphocyNs 
with very few B -.cells ( 1 i 3). Thus, the human nasal mucosa 
.-seems to diffe from that ofrodents - the most commomf used 
aiumals in preeMmcal vaccine studies - and also from endoder- 
rn ally ■■..derived h.tun&n mucosae, such as the ipnsik and ade 
noidS; The latter lymphoid structures appear to he the major 
sties of induction of inucosai immune responses to inhaled 
antigens in humans. 

Strategically positioned at the entry of the aerodigestive 
tract, the palatine, Lingual and nasopharyngeal tonsils (Waid- 
eyers ring) are continuously exposed to ingested and iphale.d 
antigens. These -glands possess structural features resembling 
both lymph xvodes and: Peyer s patches (87), including a lynv 
pho epxrhehurn wkieli. contains M ctdis in .toasil.lar cr yp is, and 
which are essential for aiitlgeh uptake (Fig. 2ih hi addition, ger- 
minal centers containing B and T cells, plasma ceils, and pro- 
fessionar APCs are also present. Several observations have sug- 
gested, dial these lymphoid t issues may serve as a source of pre- 
cursors of IgA plasma eeilfe found in the upper aerocligestive 
tracts; the dtsnibuticm of IgA 1 and TgA2 -producaug eel 1st in th e 
nasal and gastric; mucosae and in iaerymal and salivary glands 
is similar to that: found In tonsils. PurdtermOre, the S-lgA 
iiiimujie response to oral polk>virus vaccine is reduced in ton- 
sil lecto mi zed children compared to children with intact tonsils 
( i. 14). Direct: unilateral iuieetiox] of antigens ink) tire tonsil of 
human Volumeefs result ed In the induction of local imilttine-' 
responses manifested by the appearance of antigen- specific: 
IgG- producing .and to a lesser degree IgA -producing cells in the 
injected, tonsil (103) . Furthermore, considerable numbers of 
aaitihody^formUJ:g : cells with a similar disiribuuon of isotypes 
were detected in peripheral blood, suggesting that the tonsils 
•nay serve as an inductive site, analogous to Peyers patches, that 
is eSeeiive in the stimulation of generalized mucosal immune 
responses. 

inductive: sites -in the-genltas tract: mucosa. 
Although king considered as irummioiogicaOy incapable of 
supporting an active immune response against locally encoun- 
tered antigens* hut especially against spermatozoa or preirm 
plantation embryo, die female reproductive tract mucosa has 
been shown to comprise ail cell populations required for initi - 
ating an immune response. HLA-DR; h langerhans cells have 
been identified in the vaginal and cervical epithelia (1 1 7 ,. 1 18) , 
being most abundant in the vulval epithelium Intraepithelial 
T cells have been identified at all sites and comprise a .-.majority 
of CD8? mlh, the latter being particularly abundant in the 



transformation zone (117 K A significant proportion of these 
cells express perform and TLV 1 (119), suggestive of cytolytic 
capacity In contrast, GD4* T cells are rarely found in these epb 
theha hut predominate in the su]>fht;ieQSa of the vagina, cervix 
and ikUopxan tuhescJhe subxuueosa of the vagina > cervix and 
■fallopian tubes contains large numbers of J -chain- and. IgA 1~ 
and IgA2-contaithug plasma ceik, and the epithelium of the 
fallopian tubes a nd cervix stains for secretory component .and 
has thus the potential to transport poly in eric IgA 0 2.0, J 21), 

Vagina] xmuiuoizatioxi of human and non hu m an primates 
with cholera toxoid and CTl respectively has been shown to 
evoke serum antibody responses and secretory IgA and IgG 
responses in eervic;c>- vagina] washes ( 10 ()• i 2 2, J 3 ) . burthen 
in female xuacaques immunized with CT applied into the 
vagina, these responses were associated with large numbers of 
IgG and IgA antibody -secreting cells (ASCs) in the cervical and 
vaginal mucosae (100). deinoxistrating active prod uctkm of 
such antibodies at local sites. However, this route of inmmnixa- 
tion was poorly if at all effective in inducing att IgA immune 
responses in other mucosal compartments (TOO). 

Although all components of the mucosal immune system 
are present in the female reproductive tract, the precise sites of 
induction, of secretory imnnuxe responses in. this organ are 
largely unknown. The most likely scenario involves antigen 
uptake by intraepithelial Langerhaus cells which then, migrate 
to draining lymphoid tissues where they actively educate naive 
T and B ceils. These in. mm migrate via the efferent lymph and 
the blood erce.iilat.ion and seed to the subnaucosa where they 
differentiate into effector cells. Drahung iliac: lymph nodes 
appear to be the most likely site of jxiitiation of such responses 
(91). 

Thus, wimm the context of die ceumnorx mucosal immune 
System, certain organs may favor the development of IgA-com- 
mitred precursors B cells whose progeny is prefer entiaily det- 
uned to particular mucosal locations. This new knowledge 
should call for more site -dx reeled vaccination strategies. 

Mucosal anti-infectious vaccines 

Since Jenner introduced vacemati on over 20:0 years ago, iewer 
than SO vaccines have been approved for human use ? nearly half 
of which are unproved versions of earner forms. Ail but five of 
the current vaccines the oral poiiovaceixie, the oral killed 
whole celi/B subuxrit cholera vaccine, the oral Stilmimdlq iyplii 
vaccine, an oral rotavirus vaccine and nasal live ■attenuated 
influeuza virus vaccines which have completed phase 111 clini- 
cal testing — are administered paretuerally and as such do not 
provide significant mucosal immunity 
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k is now abucs* axiomatic thai in order to he efhcacious, 
vaccines against mucosal infections must sthnuiate the MALT, : 
and thai; this goal i:-; usually better achieved by administering 
imE)it)K)g^ns. by a -.mucosal :rou.te rauber than parenteraily. How- 
ever, even so, stimulation of secretory immune responses by 
mucosal adbviiiist.rat.ion- of most tio.n- replicating antigens Is 
often relatively mefftdent. requiring multiple adnrttrtsiraijpxis; 
of large q uantities of mxmunogens and yielding most of ten tol- 
erance an d , if at alb modest immune respon ses . This conclu- 
sion is physiologically justifiable since the primary function of 
die mucosal .-immune: sy stem is to prevent the. o^versdmulaiipxi 
of the entire immune system, It does so by eliminating mucos - 
ally applied antigens with denaturing acids, degradative 
enzymes and other innate factors -as well as dirough intestinal 
peristalsis and ciliary movement on epitheha in 1 he respiratory 
trace 

Against this background, mucosal vaeciiio3c)giHts have elab- 
orated numerous delivery systems and adjuvants which partly 
circumvent: such natural obstacles. The ever-growing list of 
mucosal delivery systems described m the literature bears wit- 
ness to the difflct ddes encountered and to the limited practical 
usefulness of most delivery devices. We will therefore concen- 
trate oil the most promising systems. Furthermore, it should be 
emphasized that most of die results have been obtained in ani- 
mal models rather than in humans with all unavoidable limita- 
tions. 

Inert vaccine delivery, systems 
Because antigens are more irnxuunogexuc in particulate form 
than in solutions, and because they are vulnerable to antigen- 
degrading enzymes and acids, they have often been incorpo- 
rated into vehicles that are by themselves uomtoxie and non- 
irimumogemc* and which protect vaccine- material irom degra- 
dation, enhance their uptake from mucosa! surfaces, and may 
exhibit an adjuvant effect. Gebtin capsules coated with sub- 
stances {e.g. cellulose acetate phthaiate) that dissolve at alkaline 
pH in the intestine but not at acid pH hi the stomach have been 
used for oral delivery of bacterial and viral vaccines in several 
studies performed in humans but their usefulness has never 
been systematically assessed (125 -127) . 

To avoid the fast passage of free antigens, mueoadhesive 
polymers that adhere to mucosal surfaces and thus extend the 
time of exposure ol vaccines have been used in several rec;ent 
studies (12 3 , 1 28, 1 29) „ When compounds such as highly vis- 
cous inert poly saccharide eldexonier (1 23) and caihoxymetby 1 
cellulose ( i 28) are used with an an tiget) such as influenza virus 
or CT-B that has been orally, imranasally or uurayaglnatly 
administered, both local mucosal and systemic: immune 



responses are induced. Other compounds that have been con- 
sidered ar e carhapoh p oly carhop] :u\ sodi um alginate , and 
hydroxyp ropy! cellulose, which are used in medicine for drug 
delivery. 

Liposomes have been used for mucosal vacomation in a few 
studies, while bacterial or viral antigens have been adminis- 
tered orally or intranasally to rocieuts, rnoniveys and humans, 
resulting in the induction of mucosal and systemic inmume 
responses (reviewed In (130))., A related antigen delivery .sys- 
tem, cochleares, composed of p:roteiir"plK)sphohpid"CaleTum. 
precipitates- with entrapped antigens, Iras been used lor 
mucosal delivery of glycoproteins or peptides from inHuenza 
virus and S1V (13 l b As with liposomes, humoral as well as 
ceibmediated hnmtmicy (CHI) have been induced when g i ven 
by the oral route. 

Riodegrad able microspheres composed of antigens incor- 
porated to of .lactic and gly colic acid have been u sed 
far more extensively hi mucosal vaccinology than any other 
inert delivery system (I3i~d.35). Microspheres have gained 
popu lari ty because of their stability which aliews thetn to pro - 
tect incorporated antigens from acids and enzymes, and 
because of the ease with which their size and rate of hiodegra- 
'datiori can be modified. Further, microspheres are by them - 
selves iron- antigenic and so can be easily reused, offering an 
advantage over live vectors. The rate of release of antigens can 
theoretically he controlled by mix in g last- and slow -releasing 
inicros pheres, allowing for th e inducti on of combined primary 
and secondary immune responses by a single nnmunrzation 
f 1 3:2), Finally, it would seem possible w hieorporate immune - 
regulatory cytokines or DN A encoding [or different antigens to 
achieve a desired inunuue response, and attempts to do so are 
in progress. 

These obvious attractive features of the inert dehvery sys - 
tems axe counterbalanced by serious disadvarnages, Specifically, 
tire disappoiiuingjy tow absorption rate, usually muck less than 
1% of the ingested dose f renders the procedure expensive. 
Moreover, the u se of organic solvents during the incorporation, 
of antigens may severely compromise the immuaogenicity of 
such vaccines, However, attempts are being made to increase 
the absorption rate and to develop conditions of incor poration 
that luuUrMze degradation o f an tigens . 

Mucosal lectin -iike moiearle^.as Carper-deliver y systems 
Oral administration of sthall amounts of protein antigens 
covaiently coupled to carrier molecules with known aifinity for 
mucosal epithelial cells, such as CT, Escherichia cdi heat labile 
toxin fLTjb CF B and LXrB, can elicit mucosal arid also, under 
certain conditions, systemic antibody responses to the eouju- 
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gated antigen .{1.3.6-1 3:8). ."litis. strategy has. also recexttly been 
iwftimd ia mctiiCe tnucosa] knxuune Tesponses to carbohydrate 
antigens ( ; 39} . 

Fusion proteans Created from hybrids of CTvB or IX B with 
genes, encoding heterologous antigens have also been gener- 
ated (140, 1 4 ? ) »■ and are prefers We to chemically coupfcd pro- 
teins hi that they are frm of cp^tatninaiiiig. l;K)loi:o£in ami are 
unifonxi ixi structure. Qv'er'exjpressibtt systems have -.also beeri 
developed to facilitate' large-scale prod uctioxt of such fusion 
proteins (142). Others have created fusions between antigens 
and (.T : B -€T-A/! muian^ which lack the. toxic Al sdbunk 
(1 4.3 -145) . intere^tiixgjy, though oral adxa;h)ASiraiian inducer! 
serutrx IgG antibodies, maximum mucosal IgA responses 
mquimt addkioo of the whole CT. thus, tt appears that CT-B -w 
an excellent carrier molecule due i;o m ability to bind to GM I 
receptors on. epithelial cells hut at best. exMbie low -adjuvant 
prop ernes. 

Live recombinant microorganisms ;a.S:.aucosa; : deHver'y sy terns: 
It has long been assumed that (only live vaccines would eflSr 
eiehdy stuitulate a mucosa] inimxme response since i:he major- 
ity of micxafefai. pathogens colonize or enter through mucosal 
surfaces and hence have evolved strategies to circumvent riatu - 
ral plrvfikO'Cheixiical barriers. .Furthermore natural infection 
■'wiili a num ber of -microbial pathogens induce strong immune 
responses in both mucosal, and systexnie compart incuts and 
these responses ace often protective againHrreirifeciion. The use 
of live artenuated recombinant bacteria and viruses, : which can 
fee genetically engineered to synthesize unrelated antigens, has 
the obvious advaxuage that it is.iheoreticslly possible to package 
die same recombinant 'OFganijsiiJ Willi genes exRodiiig several 
unrelated antigens, Recoxnbixiaru bacterial and viral vectors 
which contain genes from unrelated -pathogens that exi code 
important virulence factors have been explored ixr xnany esper- 
uxiehtal vaccine studies (146), The development of recombi- 
nant vectors has been faeuttated by rapid progresses relating to 
complementary UNA doniug of large DNA inserts and the 
atfvauceineni of polymerase chain reaction- based techniques. 
The ability of a vector to colonize speeitk nmcosal locales and 
so to generate an nruxlune response at desired s ire sis an irnpor 
taiit factor in ■determining its sunabilky as vaccine vehicle:. The 
most important factor to be considered is the ability of a given 
vector to induce certain iy pes of unmune responses, Exper iexice 
so far indicates lb at in general, mucosal adtnixustratiou of 
recoxnhiuant bacteria or viruses may induce mucosal $ Ig A. 
responses, and in most instances these responses are associated, 
with priming of Tht xype helper responses which may nor 
always be desirable. Aitliotrgh many bacterial and viral vectors 



have been used in anirnai nrodek ( H 7) , oruv recombinant Sab 
mondk, adenoviruses and poxviruses have been used with lim- 
ited success in humans. 

Srtlmcmdk presented by the oral route 'replicates in Feycr s 
patches and dissenn nates via die mesenteric lyxnph nodes to 
systexnie sites, such as the spleen. This eharaeteristic pattern of 
migration allows Salmonella to ixidace a broad -based ixntnuxie 
response which irrchades celbxaediated as vy'el} as serutn and 
mucosal antibody responses. Attenuated avirulent Mxxiiidla 
strains have therefore received particular aUentkm as mucosal 
vaccine delivery vectors for reeoxrxhinaxU: proteins associated 
with viralexiee .(14.8-1 S3). Although a large number of genes 
from bacteria, viruses, and parasites have been expressed m 
attenuated Salmowdk, a critical balance between attemtation, 
adequate expression and nxuxmnogeuieity \m often been diffi- 
cult to achieve. 

Only recently have studies begun to characterise both 
mucosal T- and B-ceil responses to recombinant anrigens 
expressed in Salmonella < particularly m terms of the balance 
between antigen-specific - Ihl audi Tlx I cells and their 
influence on the types of ensuing immune responses. Mice 
given ah oral attenuated SjljBoiidla vaccine displayed CD4. ; - Th 
ceils which produced IFNby and IL-l, but not 1L-4 ( J 54 1, 
ixmnedtately raising the q uestion of as to how sxieh T-ce)I help 
is alsx> provided for mucosal $-I^A antibody responses. Oral 
d elivexy of xSahnoneila which express the Tax C gene of tetanus 
toxoid. (IT) resulted in predominant serum IgG 2a and urucosal 
S IgA antibody respc^nses (62: ( 155). Splenic and Peyers patch 
T ceils selectively produced fPNsy and 11,-2. as well as the Th2- 
type cytokine IL- t 0. iL-4 was shown not to be invoh eti in aixti - 
5dinoj3cl!(i and aiiti-TT IgA responses by - expert rxicnis in. .11-4 
: kuoekout mice. Interestingly GD4 S Th cells In. these II- 4 
knockout, mice: exhibh:ed two d%ix<:t eytokitie patterns;: a Th ] - 
phenotype of IftNbysmd 11-2, as wz\] as I ceils which produced 
1L-6 and IL- 10, but no IL- 5 (1 5-S}. 

Intranasal immunisation has enxerged as perhaps the most 
effective route lor induction of both, peripheral and mucosal 
hrmxnnicy to vaccines. The usefulness of Myi^bttmyjn borjs strain 
Baciiie Calmette Guexin '(B€G) as a delivery system for recom- 
binant antigens has been dociimexited iii several mod els, Spe- 
cifically BCG-vectored outer surface, protehi and ■pneumoc:c>C.C;al 
protein A conferred prc>tection against Bo rrdia and & 
respectively when given itasaliy to mice, (reviewed in (156)). 
Reeervdy attenuated. Bordetdla pertussis strains have been con- 
structed by deietiug the pertussis toxin gene .and have been 
used as live- vectors for intranasal -delivery of heterologous a n te 
gens expressed at the surface of B. pertussis via fits ion to the ilia- 
meatexus henragglininin (J HA) gene (.1- ST}. Intranasal delivery 



of 8. jwussis expres&hxg a. parasite antigen fxtsed toFHA induced 
sirorig inUcosal immune response but relatively modest serum 
antibody responses to the fused antigen. Nevertheless, such ail 
approach could be used: for the construction of combined vac • 
dries to protect not only again?;? whooptng cough but also 
against other respiratory infections. 

Adenoviruses (r-Ad) have proven to be rather attractive 
systems for tissue targeted delivery of mammalian and xraero- 
fotal genes in gene therapy and in vaccisiology; respectively 
However, in both instances host iounune responses develop lo 
r- Ad arid precludes rearhainisn^tloB of the Vector (158, 1.59)* 
Despite these drawbacks, the use of Ad remains a promising 
approach in both arenas. Most studies to date have been per- 
formed with r- Ad from which the El and E3 genes have been 
deleted, rendering virus replication deficient. A major advan- 
tage of the current generation of r-Ad vectors is their •capacity' 
to accommodate large amounts of exogenous cDNA (7-8 kilo- 
bases}< a feature which has been used to express virulence 
genes from a number of viral pathogeny However, the virions 
■retain full competence for infection of mucosal epithelial cells 
in die respiratory -tract (1 59, 160):. in recent studies, r-Ad 
expressing herpes simplex virus glycoprotein B was sbowxj to 
be a most effective vaccine when given by the ixitfanasal route 
to mice (104, IDS, 1 61), This regimen induced serum JgG as 
well as pulmonary IgA antr glycoprotein B responses which. 
cp:rr.ekt.ed, with protection front challenge. Further, this vaccirie 
uxdiiced an effective CTL response (162). The same authors 
have also demonstrated that this vector induced specific secre- 
tory immune responses in the rodent female genital tract 
( 1 04) . This mucosal route of mxmuxiization also .appears, to be 
safe and effective, since in tranasah intratracheal and oral deliv- 
ery of SiVenv glycoprotein by an r-Ad to macaques ( 1 63) and 
intranasal immxtnization of chiinpan^ees with a r-Ad express- 
ing HIV zmk^e and gag genes (102) resulted in significant 
serum antibody responses. These antibody responses were 
broad-based, and when boosted with a gp l 60 suburiit vaccine, 
elicited serum neuttalmng antibodies. Recomhtnaut Ad have 
also been used as vector for rabies virus in-order to orally vac- 
cinate foxes (164). In addition, oral admimstrariori of r-Ad. 
expressing RSV and hepatitis B virus sequences have sxiccess- 
luliy induced circulatin g antibody respoixses m dogs and ebitxv 
panzees (IBS, 166). Moreover^ ixitranasal or emeric iinmumzar 
don with a r-Ad expressing bovine coronavirus hemagghninin- 
esirase glycoprotein: induced virus specific mucosal immune 
responses in cotton rats (167). Despite these significant 
advances, further studies will obviously be required to deter- 
nrine opti ratal mucosal imnmutxaiioii protocols and to enhance 
die expression of desired axtdgeus while dimi:aishixig responses 



to the Vector to allow for vaccine readmiiiistraiiorh li-i this 
respect, a receni study indicates that mdxtctioti of xnucosai tol- 
erance (see -below-), to the r- Ad vector can foe accomplished by 
prior mucosal exposure to inactivated adenoviral vector ( j 68), 

Recombinant poxviruses have been used in numerous 
studies in eluding human clinicai trials when given by systemic 
routes (by scarification, subcutaxieously or • irxtr amuscvilarly ) , : 
but studies documenting their mucosal Immxmogenicity are 
still li xnxted; This is somewhat surprising given the effective- 
ness in wild animals of an oral vaccine agaixisi rabies ( 3 69) 
based on a recombinant vaccinia virus expressing the rabies 
glycoprotein gene (i 70'). Oral adnihustration of recombinant 
vaccinia virus encoding Influenza virus hemagghnhun and 
neuraminidase induced both systemic and secretory antidnflu- 
enza antibody responses in mice (17 1 ,. 1 72),. Although rela- 
tively straight forward to generate in high yields and to purify 
repli cation- competent recombinant: vaccinia viruses pose 
potential problems for being used as mucosal vectors, includ- 
ing die risk of widespread infection in imfiimia^ 
individuals, Vector systems based on avian poxvir uses (fowfpox 
or eanarypox-AL^VAC) or an attenuated vaccinia virus (NY VAC), 
have now been developed which allow only single round iniec- 
itons in mammalian, cells (1 73 ). intranasal immupi^arion of 
ferrets with NT wK and Al VAC vectors expressing canine dis- 
temper virus HA and F genes were equally potexit in protecting 
these animals against CDV challeugec uxtraduodenal adminis- 
tration was only partly effective (174). Parallel evaluation of 
difleretu vector systems is rarely found in the hiterarure In one 
study, the efficacy of r-Ad and MTvAC vectors expressing pseu- 
dorabies gD glycoprotein was compared after intranasal and 
inrxamiiscular Lmmiuxization . They have demonstrated that, 
w hile the adenovirus proved more efficient than the poxvirus 
vector to elicit an antibody response, the survival times of ani- 
mals after challenge with pseudorahtes virus was comparable 
(175)- More recentiy the modified vaccinia Ankara (MYA) 
strain of vaccinia virus has attracted the interest of marry inves- 
tigators. Indeed, MVA is a highly attenuated non-propagative 
strain o f vaccinia which- has been obtained after- mor$ than SG0 
consecutive passages in chicken embryo fllxroblasts ( 1 76). The 
itnmurmgeiiicity of recombinant MVA- based vectors by the 
parenteral route has recently been demonstrated (177 > and 
MVA holds promises as a sale and effective mucosal vaccine 
delivery system .. More generally such : uon-replicaixve ptix viral 
vectors are promising mucosal delivery systems. 

The use of RNA viruses as "-vectors initially lagged behind 
the use of DMA viruses, mainly due to the relative ease of 
manipulating DMA genomes. Given the progress in recojidu- 
natlt DNA technology the development of RNA viruses as vac- 
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cine vectors 1ms now eatrght up with J}HAymm$ (sevievvsui in 
78)}. R^combj.iiant vaccina strategies using ENA viruses 
such as pohovhus, dphavhus^es (ye&emek:a equine eucepba- 
.litis -virus. (VB£)> Seinliki Forest virus)* and paxamY.KO^ux%isefc 
(RSV) as vectors' .are being actively explored for mucosal 
h^mifcunMatkm, hi particular, i&plicaiiaii-cottajjcusiut" YB£ 
expressing HIV p i 8 and p 24 g ag (17.9) or influenza vims H& 
geaies (180) have- been shown to ixjduce mi&osal and cellular 
imminie responses. Imerestingly a repticon vaccine vector sys- 
tem was developed from m attenuated straiii of VM (J. 81), 
The replkxm RNA consists of the cis- acting 5* and 3' ends of 
the VBXi genome> the complete noi^smtetuxal protein gene 
region, and the snbgenomie 2 promoter tamunua&cm of 
mice with the VHE r&phcoxi expressing the influenza HA or 
Lassa virus gene induced aud-body responses agahua the 
expressed protein and deriipnstfaUici a capability for secjuential 
■imjRttjFiixA'tiofi' to multiple pathogens m the same hosr. ( j Si). 
ykewlsc, fXH:<>tubiixaiit poiiovixus taxi be engineered ait repUea- 
tioiveom|>eterii vector (182) or asrepiicon (133) (reviewed in 
(}78)h The unique aspect of these viruses, including their 
port of mi?y y point to promising developments in mucosal 
vaeehrology 

Mucosal DN A; vaccines: 
Since VV(>lrT aiKi colleagues ( 184) reported that direct mrrarnus- 
cular iiijeetion of mice with pfasmid DNA encoding the com- 
plete sequence of a gene resulted in durable expression of ihe 
encoded protein, rmnmuization with pfesxnid DI^A encoding 
vir iitece gene^ of sseveral important pathogens has been shown 
to induce protective immnxntv m several prechnical studies 
(I Aiihough many issues, including safety considerations, 
will steed to be carefoily assessed, this approach offers sirbstaui- 
tiai advantages, Aside ham stability arid ease of production; 
these meiude the iudncriou of immunity by a nou-iui'eetiohs 
age:ni:>. a:cid dirts the possibility of vaccinating against organisms 
with a propensity .for long-term persistence in die body e.g 
cytomegalovirus and HIV. Furdierxnore, DNA immom^asion 
wmnd allow the selection of nucleic acids corresponding to a 
broad range of polypeptides to overcame the problem of MpC 
genetic restriction in, out bred populations, III addition the 
plasmid backbone can also be equipped to harbour sequences 
encoding cytokine genes so as to facilitate, the type of immune 
r^^ponse desired. 

In principle, the .D.N A used tor vaccination is a plasmid 
coat&hiihg a bacteria- origin of repbe&tiOn and an antibiotic 
resistance gene, required for sekcdve pksrtnd production in 
H. mil The gene of interest is cloned under the control of a 
strong promoter (nsually a viral promoter). In addition lo the 



expression cassette, the plasmid may amtatn iiTXtnoisosthutik- 
lory sequences which appear io be critical in governing the 
imraunogenicity of the expressed gene. These sequences 
include a non methylated GpG motif within ;i pahn&ccmik: 
he&amer ohgoiuicieotide sequence ( i 187) mti have been 
reported to induce B -cell proliferation f 1 SB) and Th I cy tolcine 
production: (189, 190), The stimulatory properties of such 
nKitOs appears .to be mediated via die selective acdvation oi 
DCs (1^1) - h is interesting to -aote thai; tnnct>sal aclministraticyn 
of ^yxuhetic <>!igodeoKyriuc:kc)!:tdes coniaihing CpQ moiih 
enhances virus specific responses, suggesting that such nncie - 
otMes could be used also *is rnn ec?^al ad) uvant (191), 

.Although the majority of studies so for have dealt with 
jniracu tanec^us arid intrartiuscnlar adniimstration of DNA vac; - 
cines, this approach has gained popularity among mucosal vac- 
ciiK>k?gi^s. Naked plasnncl DNA can he directly used for 
naucosai immu nidation. (193-197), Thus, intrariasat or 
iniratraclieal adnrurcsiratto t j of a DNA plasmid e ncoding inllu - 
eim; virus hemaggludnin induced protection against a lethal 
influenza virus challenge: m nhce (185). More reeexn% intra ■■ 
XTta&ii iri>m.n:ftt^.a^prr ol- trik^e wiih a DNA plasnrid eticodinglaeZ 
and herpes sirhjilex vir iis type 1 glycoprotein B (gB) induced 
iacZ and g:g exp^ression in lungs and: cervical lyxnph nodes 
(195). Although a distal mucosal IgA response and an anti-HSV 
celf -medi ated imrmme response were observed following three- 
In, admijrisirations of gBDNiA, proiecjion against lethal vaginal 
"BSy challenge was lower than that seen after intra muscular 
arhuinistmiitrn of the same pla^rmd. IxiCfabucCcd xn|e^d<>t> or 
nasal administration f>£ piasmid DMA encoding measles virus 
heiuaggJuiinin induced systenue MHC class l~ res trk:ted CTL 
responses. (196), Furdier. intravagma! instillauon of a plasmid 
DNA encoding the HIV- 1 crrvelope glyeo{)rote:ui elicits produc- 
tion, of IgA and IgG axiti bodies in vagina! fluids and serrnrit neu- 
tralising antibodies (194) . The same construe! was enipioyed 
to demon sir ate that plasm id 'DNA. va.ecmatiori of infant eh ht).- 
panxees was - widl tolerated md coukl induce serum antibodies 
toiiiy- l (197). 

As for convendo:nai vaccines, several formukuous have 
been developed to facilitate the uptake of plast nid DNA -based 
vaccines and to protect them from degradation in the mucosal 
microeuvironmeiit. Thee use of liposome^ cat ionic hpids,- 
monophosphoryl lipid A for nuicosal delivery of DUA 
{198-20 i ) has beexi. shown to increase both expression and 
irnrnunogexikliy of the cc]rresf>onchng p rote ire suggesting drat 
the lipid matrix may aiso provide a secondary role as adjuvant 
by raeihtaring DNA uptake by AFCs or by projnoiiug local 
mOanmiatioxL In the case of oral delivery pfasniid DNA can 
also be p3:otected IVoiri degrafiation in tire grit by ertaipsuktkjjr 



in poiy(OL-lactkfe-co-glycoijde) (FGL) mxcropariiete^ (1Q2> 

Attenuated tntraeelluiar bacteria: such as SdmwieMa> which 
are imained within vacuoles in the infected cell, have recently 
shown promise for the delivery of piasxriM DNA. Thus, infec- 
tion of peritoneal macrophages with S. typhi carrying a plastiik? 
eneodmg he Z results in the transfer of piasxnid DISIA into the 
infected cell (204). Very receiifiy, this approach has: been 
employed to demonstrate that orafadmmistraeion of S, typhi car- 
rying a tumor antigen results in gene transfer in host: DCs and 
protects nii.ee against fibrosarcoma (205$. 

The rneehanisnxs underlying the induction of an immune 
res pemse after mucosal DNA vaccination ate stiihunkn<>wncbut 
are likely to be analogous to those involved after systemic 
(imramuscirtar, intradermal) DN& administration (20 6-- 209): 
transfer of antigen from txssxte-traxisfeeted epithelial cells to 
professional mucosal APCs (cross-prhxxing) , or direct transfec- 
tion of professional APCs and especially DCs > 

Edible, vaccines 

Mucosal vaccines would be. more widely used - especially in 
developing countr ies — if they could he produced at lower cost >. 
and distributed without refrigeration. The concept of vacc&xe. 
production in transgenic plants was introduced recently (2 1 0). , 
and was based on. die premise that plants have the capacity to 
produce abundant bjocuass, and that recombinant immuno- 
gens could be produced in plant tissues Since plants can be 
engineered to contain multiple foreign genes, nndtfcomponent 
transgenic plant vaccines should therefore be 'feasible.. Several 
;p|aX|t expression sys terns < e g, potato and tobacco plants, have 
been developed and. shown to allow expression of murrobial 
antigexrs such as hepatitis B surface antigen, H: coli LT-B, and 
even Norwalk Vtnisdike particles (Yi.FsJ (revised iu (2 J I}). 
Although the fcvels ot expressloxi of recombiiaaiil antigens have 
so far been very disappointing, feeding animals with potato 
tubers expressing Nor walk YLFs or Hccoli XT-S induced specific 
secretory EgA antibody responses and -serum IgG responses to 
the tratisgenic protein {11 1>. Developing strategies to increase 
antigen expression in edible pknts, including the use of strong 
tissue-specilk proxnoters remain one important challenge m 
this area of vaccine development. 

Dendritic ceils as vaccines against mucosal infections 
DCs are potent APO* that play a cexitral role in the mducdotx of 
xmnuaniy as initiators and irnirmnomaduxators of uBmune 
responses (11 2). Owing to their capacity to prune T cells, DCs 
loaded ex *iv*> with tumor antigens have been extensively used 
as potential cancer vaccines (21X 1 1-4). 'Given, promising pre- 



clinical results, studies are now xmderway in patients. That 
adopti ve transfer of DCs pulsed zz m*} with nifcciioxis microor- 
ganisms could constitute a way to induce broad -based immu- 
nity against: infectious diseases has also been documented 
(2 1 5 21 ?). 

To date> the potexutal erf DCs as vaccine carriers, tot the 
ixtdnction of xnucosal responses is largely unknown. In this 
respect. It recent study has shown that DCs pulsed ex vim with 
killed chiamydiae and subsequently transferred into nam 
recipients were able 'to- induce protective CD4 y Thi immune 
responses against genital challenge with cMamydia (218), 
Although this study used bone marrow * derived DCs, it is the 
first one to document die efficacy of tins approach against a 
mucosal inxeet ion. 

Bacterial enterotoxins as mucosa* adjuvants 

The nrtrochtedon of proteins Itrdudixig vaccines into mucosal 
inductive sixes is an effective way to induce systemic unrespoxi- 
sivexiess (mucosa! tolerance), 'Thus* mucosal adjuvants are 
required not only to boost mucosal and systemic immunity, but 
also to prevent the induction of mucosal tolerance. 

Although a variety of compounds have been reported to 
display adjuvant properties on mux osaSly c<hadnxinis^red axni- 
gen^v the most powerful and hence mmi studied mucosal adju- 
vants aire the Vibrio endme exotoxin £T> and its structural and 
biological analog IX These rnacromolecuies a;te::- composed of 
two sirifctnrallyv fuuctionally ajid nnujunoioglcally separate A 
and B subuniis (219). The 8 subutiit of both toxins consists of 
five kkxnttcai monoxners, but the pentarxierxc B subunit of CT 
(CTB) binds only to GMl gringlioside. while the B subunit 
pex^taixrer of LT (i^B) is xnore promiscuous and btnds to GM1 
as well as to im&lo QM'L GM2, and glycoprotein receptors 
(220) . After the B sxxbunit binds to epithelial ceil GM1 or CMZ 
receptors, the A subunit reaches the cytoso! and bixids to NAD 
to catalyse AD F-rtbosylanon: of Gm- This CTP-binding protein 
activates adenyl cyclase wrih subsequent elevation of cAMR 
which, in epithelial cells results m secret ion of w ater and chlo - 
ride ions into the small intestine. 

Mucosal exposure to CT a tid IT, which ace both i nun uno- 
gfertiCy re^itlts in S-IgA. and sex urn IgG and bodies > wlrich are 
almost entirely restricted to CTB or More importantly 
both toxins are potent ixnicosal adj u vants !:br unrelated proteins 
co-ad mhiistered by orah in trana sat c^r even parenteral routes 
(221 -223). 

Recexit stxidies suggest that oral or nasal imnnmiEation 
with proteins aksng with CT as adjuvant indtices Th2-type 
responses in tlie ixitestixial mucosa (224-226) Such an ixnnru - 
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nidation protocol induced CD4* Th2 cells in Peyers patches and 
the spleen (2M;j a,s we'll as high IgQ.l and IgE response^ in the 
absence of detectable IgG?.a titers (226, 227). Further, oral 
hnmuHkation with keyhole Itoapet hemoeyauio (KIM) and CT 
mixed, with CTB resulted, in Peyers patch arid lamina propria 
T -lymphocyte populations which produced low XL- 2 and WN~ 
V but high levels of iL-4 and it $ (228). 

Boweven other midies have shmvn that o&d co-sdiiimi^ 
tradott of a soluble or paniculate auttgeti- and CT prhm4 .ani- 
mals for -systemic Thhtype immune responses (ddayed:~vype 
hypersensitivity) (229) and induced functional CTLs in the 
spleen (230), Again, die results from these studies suggest that 
oral hmximmmmi with hcterologtrus antigetj and CT as ah 
adjuvant can differentkUy : affect mncosai and .systemic immune 
responses, mduchig Th2 -typ:e immune responses in mucosal 
t&sues-and. Th2 as well ejs Th I - type responses m the systemic 
c:q:axp,irnnen{ Thus, not oniy the nature of die adjuvant, but 
also that of the antigen used, and the rxnurosal miite of cMivery 
■can all influence whether Thl- and/ Of Ih2;type responses 
develop. 

CT and IT canse severe diarrhea in hn mam and account lor 
the clinical inamfe$tatkui« of clu^era suxcl enterotoxigenic E. coil 
mieritus^ atid thus neither is suitable for use as an enteric adju- 
vant in hnmans. Harjy sTudies attempted hxii filled to dksoeiate 
dUrrhoeageoichy horn the adjuvantidty of these two moie- 
c tues. For example, a non* toxic mutant, formed by making a 
single amino acid sn hstitution in the AD? ribosykfan&retase 
aeri ve ce nter also lac ked ad|imntici If wheat: admix mtered orally 
(23 1 } , en>wevec mutants of IJT formed by. Substituting, a siiigfo 
uininc? a< id either In or outride the ApP -ribo§ylcraii^fetv^se cleft, 
retained adptvantichy despite apparent lack :o£ toxicity when, 
administered by die intranasal route (108, 232-234}. More- 
over, t wo mutants of CT, which har bor single annuo acid sub- 
syiiititotis nr the AO P-rihos'ykra nfease active center and com- 
pletely lack AD3?-riho^yhr5nsferase activity and diarrheagenie- 
ky remained eifectwe adjuvants and were comparable to native 
CT when given parenterahy or nasally (23$, 236). We have 
ourselves fotmd that reeonxhinant CF B and 1T B are -also mod • 
etaufly adjuvant when co iidirhnistered with other- protein anti- 
gens by the nasal ronte but not by the oral route fC. C&erkinstiy; 
J, .Holmgren .-, uripnblished observations) , Since enterotoxieuy is 
the im hi ohsta de t o the use- of native Ct or XT as oral adjuvams , 
it will be urteresting to detexraine whether en^yrnatiealfy \mc- 
rive CT and IX mutants have retained ; sdjuvimi: activity when 
gi ven orally 



Mucosal tolerance arid antt-mflaiBrmtory vaccines 

One of tixa primary goals m developing- eiieeti^e therapies 
agaimt-. diseases caused by mrwantcd or tissue cktnagirrg 
inikxninatory inmntne re^porv^e^. Is to speciheany suppress or 
decrease to an acceptable keel the intensity of unicivvard 
hiirnune reactions without affecting the retnaixider o^f" the 
immune system In ducdo^ of tolerance in niature pathogeuk: 
T cells represents an idea! Forxn of speeiflc irmnunothtirapy in 
the ireatmcru of chroritc .Inflammatory' autouriniuhe diso^rcier^ 
and aUergies, 

Three main' modes of peripheral toierance induction by 
antigens have been considered:- •parenteral ■ admit ust rat ion of 
aniigcxi.s, parenterni aclmimstrattoti of antigen analogs which 
act M T-c;e.ll receptor antagonists, and irincosai adirhxristration 
of amigetis or so-called "oral toierance*', MueosaJ adnntnstra-- 
tion of aniigexj is in fact a long- recognised method of inducing 
peripheral toleraixce. 1'he plieaiontenoxr, often referred to as 
"oral tolerance'* (because it was initially documented by the 
etlect of oral administi-ation of andgcx^), i.s characterised by the. 
fact that animals fed or having inhaled an antigen become 
refractory or have diminished capabiUty to develop. an innntme 
response when. re»ex:posed to the same andgen introduced by 
the systemic route, e.g. !>y injection. This effect i.s .especially 
pronoimccd for Tin ceih tnediated imnnnie responses and is 
regarded as m Important natural plrysiologica] tnechanisni 
whereby we svoid -developing, delayed -type hypersensitivity 
reactions to dietary and airborne antigens-, and products from 
•commensal microorganisms. M ucosally it id need irnmunologi- 
cal tolerance can a fleet ail types of adaptive hnniune responses, 
depending on t he animal specie s> the age, theibrxn and dose of 
antigen, and the ronte of nnicosal administration (enteric, buc- 
cal. na.sai ? rectal, genital). 

Hech^i':is:'ns of ^toierance -after- mucosal -cieifvery of antigens 
Mucosal uptake of antigen's may result in ^ the deveioptnent of 
itnnnrnity or Jolerance, or even both, the decision being taken 
in the epithelium or nnderlying lyjnpboid tissue and being 
mainly determined I>y the nature and physico-chemical form 
of the antigen. 

Depexiding ujxm the dose .of antigen administered , .dele- 
hotror anergy of antigen-specihe T cehs and/or espawioO of 
cells produeiug inn rrnnt>srq>presHive cytokines (11-4 ? 1L- i 0 artd 
TGF-pf (reviewed in (73)), xnay result in decreased T-ctdl 
responsweness it tn intem^nng to note that the latter scenario 
invokes cytolcities that are also kiiovvn. to pronrote XgA .feot.ype 
switching; and igA production, and is tJnrs conrpatihle with the 
observation thai secretory 3gA antibody responses a:nd systeuhc 



T-eeli toterauee i ;i)ay develop co;ncomitantiy (237} , Because tol- 
erance can b£ transferred by both, senmx axtd ce:!k froxft tokr- 
szed. animals. It is possible that humoral anybodies (IgA?) > eir- 
culatiiig undegraded andgefts Or tolerogenic fragments aftd: 
cytokines niay act synergist jolly to. confer T eel! xuxresporxsive- 
ness. Without exdudhxg the above pdssibUmjess, . mother meeh- 
diiat may be considered mule] Involve antigen-driven 
attraction ci-inftamroatory T ceils from the pedphery ituo the 
mucosal mieroenvironment where- they could be rendered 
anergic, ftmetiaually skewed, deleted or even ignored. This 
form of antigen driven <5 &jatpmte deviatioxi'* would imply dial 
nifemmatory T cells acrAVaied in peripheral tissues exhibit a 
promiscuous migratory hehaviotir allowing their entry not 
only in systemic -organs but also in xnuco.sal tissues at the site of 
amigea uptake, The latter scenario has not yet been addressed 
experiuien tally but is' compatible widx studies showing thai 
arthnu>geme and diabetogenic T cells do express the cell sur- 
face mucosal xntegrin c*4fi? whose Kgand, die mucosal 
addressin cellular adhesion molecule (MadCAM- 1), is also 
expressed ou iaflaxned- pancreas and synovial 'tissues-. In this 
resnect, it is also Interesting to note thai oral toierimtion with 
a prototype soluble protein and gen has recently been shown to 
differentially affect the production by peripheral T cells of the 
if (C-C) chemoMnes MIFda and MCP- 1 (23 8} > which are 
potent cbernoatlractants lor T cells- 

Irrespective of effector mechanism (s) mvolved, a major 
questum dun: arises is where and how tolerance is induced* be it 
suppressKxn, anergy deletion, ignorance and/ or anatomical 
deviation:. To-date, very Kttte is kuow^regardiug the mechanisms 
governing induction of mucosal tolerance, and especially die 
In trace)] utar pathways of entry of tolerogens, the nature of APC 
elemeii^ hxvolved, their iAssxie localization, and the characterise 
lies of signals traixsdnced (mm such .ceBs- to ire^tKiixtg Teelk 

At variance with systemieaOy admixustered antigexis, anti- 
gens handled m mucosal tissues have already been subject: to a 
variety of innate factors such as s e.g., proteases, acids, salts, 
rrmdm, thai: : .have::alte^ed. their form prior to ilptafe. As a resxilt 
of this "extra? insular cojidltlonxng' 1 different epitopes may be 
exposed and their uptake and/ or processing may involve many 
different cell types, 

The observation: thai: mtxcosaliy induced sys letnie tolerance 
depends on m intact epithelial harrier (239; 240) suggests a 
cetitral role for the epithelium. M ceils have been shown to 
uptake a variety of xmrdculate antigens such as viruses and bac- 
teria, arid to aliow direct entry of invasive ixiicroorgaixistxts ia 
mucosa} inductive sites. Such a pathway is thought to result in. 
the induerjon of secretory IgA Imtnune responses. Although 
the ability of M -cell's to serve as APCs appears to be poorly sup- 



ported, these ceils could still theoretically be involved in an 
abortive form of antigen, presentation leading to tolerance 
induction. The role of absorptive epithelial ceils, such as intes- 
tinal emeroey tes> in tolerance induction has been underscored 
by severai studies (reviewed in (241 > 242)), ipithelial entero- 
eytes express co-stiniidatory niotecules such as. xion- classical 
MH& class 1 (CD I d) molead m involved in antigen presentatiou 
to stthpopulatiom of T cells ami abxtormat forms or levels of 
MMC class U xuoiecules, leading to selective triggering of sup- 
pressive CD& T celSs and/or abortive presenration lev CI34* f 
T cells, lit adduioxV^epid^hd hav^ also been shown 

to produce cytofcitjes, such as IL-10 and TGF- gs which are par- 
ticularly efficient at suppressing the inchicdve phase of €'04* 
T-ceil-xnediated responses. 

All kuo^vn types of classical APCs f inchtding. DCs, mac- 
rophages aud B cells, and even mast cells, have been sirown to 
populate rrujcosa! tissues hnt v hecatise of their heierog^ne-ity 
aiid of the difficulty in isolating pure subpopulaiious of APCs 
iron) rtuu:osal tissues, dxexr respective role hr indu<:ing toler- 
ance has nor yet been elucidated. Although activated 8 cells and 
tissue macrophages are powerful AP€s tor memory Th ddls-, 
eyideuce suggests thai antigen presentaiion by resting B ceils 
results in T- cell loleraxtce (243 , 244) . it shotxM hovveyet be 
noted that S cells activated in mw mxh bacterial iipopolysaccha- 
ride (IPS), a pronjiBeut cofuponent of the xiortnai mitcosal 
microflora, are capable of inxiuciug toierance when injected 
into naive hosts (244). Although runctioual DCs have been 
idexitliied in rnncosal tissnes sxseh as $he. Payers patches, the 
mesenteric lymph, die intestinal iairiina propria and the airway 
mucosa (reviewed in. (24S)) V their role in activating rather than 
suppressing naive T cells has received suongesr support. Thus, 
DCs ireshly isolated frotn the airway 3xmcosa. prefeetxtiaily acti- 
vate Th2. cells hut can also mature into: APGs capable ofa'a» 
lug Tlx! (246) > Thus, airway DC cells could piay a pivotal role 
in die cross-regubiioxi of Hi I - and Th 2 -driven resportses. 
However, recent experiments -'with, splexnc dendritic ceils have 
shown a diffexexiiiaJ capactfy of these DC subptxpulations to 
acovate T cells;, suggesting the existence of regulatory and 
inmnmostiuRd story DC subsets, supporting the exnergeuce of 
the concept of tolerogenic DCs ( ■ 247 j . Further, treatnxeut with 
Fh 3 hgand which is fcnovra to expand DCs m vim, has been 
reported to enhance oral tolexaxice f24B), M teres tin gly, IPS, 
which is known to caxtst? the rapid mii of DCs, has also been 
shown to enhance tolerance induction (249) . This infcirmation 
places strong emphasis on die sue of entry and on the intraceh 
lular patlxway <>f processnig of autigeixs adtnixtistered to a 
[nncoiis niexnbrane m the induction of ioleraxiee atid/or 
immunity and cadk for the need m develop vaccixte forinnk- 



tioiis with mtdiisic: immtHiotrujdxtladng and cellular tar^ettiiig 
properties; 

Mucosal inriitiuriotherapy; pc'tente! and IfmitatiOTlS- 
Since tnucQsally. induced iunminologiea] tolerance is .exquis- 
itely specific: to the antigen initially ingested or inhaled, and 
thus; does not influence the development of systemic immune 
responses against other antigens, m manipulation lias became 
an increasingly attractive strategy ibi: preventing and possibly 
treating illnesses as^od^ted or res tilting from the development 
of adverse tmrannolbgical reactions, against self and flora- self 
antigens. The approach has been considered for preventing or 
treating i.feypet'rs^nsitjyhfes to common allergens. ( 250-^52). 

The phenomeaon of nmcosally indhced systemic tolerance 
has likewise been iailized to suppress immnne responses 
again si self antigens. .It- has thus been possible to delay the onset 
and to decrease the intensity of experhnentaj antoimmune dis- 
eases in a variety of armnal systems by mucosal deposition of 
auto-antigens onto the intestinal (by feeding) or the r espnatory 
mucosa (by aerosol tzai ion or intranasal instil iation of antigen s) 
(reviewed in (73)}. For instance, oral adnihnstratiort of col - 
lagen type 11 lias been shown to delay the onset of autoimmune 
aftlMds. Similarly k h as been possible to suppress an :experi- 
tnentai form of autoimmune uveoreuauls by oral admin istra- 
tion of the re Una! S - antigen 

Although the above examples indicate that mucosal admin- 
istration, of foreign as well as self antigens offers good promise 
for indueing specific immunologic tolerance, the applicability 
of this approach in human medicine remains limited by prac- 
tical problems, Indeed, to be clinically broadly applicable, 
mucosally induced immunological tolerance must also be 
effective in patients in whom the disease process has already 
established itself and/or in whom potentially tissue -damaging 
immune celts, already exist. This is especially important .when 
considering strategies of tolerance induction in patients suffer- 
ing frorn or prone to an autoimmune disease or an allergic con- 
dition. Current protocols of tnncosally induced tolerance have 
had limited success m suppressing the expression of an already 
established state of ^ 

2S'4); This may partly explain the disappointing results of 
recen t clinical trials of oral tolerance in patients with multiple 
seta rosi s and rheumatoid arthriti s. 

In addition, and by analogy with mucosal autinidecfioxis 
vaccine^ induction of nmeosal tolerance requires administra- 
tion of massive amount of antigens or prolonged administra- 
tion of relatively smailer amounts of antigens w hich are then 
only effective in rather narrow dose ranges. As for conventional 
vaccines, efforts have recently been devoted to the construction 



of novel or improved fbnmiatioiis 10 induce mucosal toler- 
ance. In this respect, the use of mucosal lectins endmved strong 
iinmunomod ukting properties, such as cholera and E coll heat- 
labile en teroioxin B subimits. as carrier ibr mucosal delivery of 
tolerogenic peptides has received considerable attention during 
the past: five years as described below. 

Cholera toxin B subunit as:-.muco5al.-c:arri^ 
immupc^nodulatiftg system for antipathoiogicail vaccination 
Eecefit studies have shown that physical coupling of an antigen 
to Gl^B led to unexpected effects; when given by various 
mucosal routes, CT-B induced a strong mucosal Ig A immune 
response to itself and in some cases also to die conjugated ami- 
gen. but instead of abrogating systemic; tolerance enhanced it 
profbundiy (229) . Based on this finding and on the results of 
other experiments with a variety of antigens (2 S S) , there is good 
reason to believe that such a system may be advantageous for 
indticmg peripheral tolerance. Firsts it minimizes by several huiv 
dreddbld the amount of antigein'UjJerogen and drastically 
reduces the number of doses that wt)uM otherwise be required 
by repotted protocols of orally-l3^ 

most important, this strategy appears to be' Applicable for sup- 
pressing the expression of an already established state of systemic 
immune sensitization. Here, vve shall summarise the results of 
studies using this approach as a means to prevent or treat patho - 
logical immune responses associated with experimental autoim- 
minte diseases, type f allergies, and allograft fejecrioit. 

Ir^utmcnt trf ofgan-.vpai.fic autaininiuae diseiises 
Mucosal adxn'mi strati on of relevant autoanti gems linked to CT- B 
could inhibit the development of clinical disease in animal 
models of experimexually inducible autoimmune diseases, 
such, as allergic encephalomyelitis (256) and collagen -induced 
arthritis (2 57) . In the latter model nasal administrabou of a 
collagen type 1MTT B conjugate could inhibit disease progres- 
sion, even when treatment was initialed aft er onset: of climcaily 
overt disease. Furthermore, oral treatment of female NOD mice 
with a CT-^dnsulin conjugate could suppress type I diabetes 
(258)> a model Of spontaneous atuoimmune disease, even 
when given as late as I S weeks post- birth (that is at a time 
when all mice have evidence of nisulitis). Taken together, these 
observations indicate that Cl^B-driven mucosal tolerance tan 
affect not only the afferent but also the efferent phase of sys- 
temic T ceil -mediated iuflaxnmatc>ry respon ses. 

Depending on the nature of the conjugated antigen, the 
route of administration (oral, nasal) of the conjugate, and the 
animal species used, tins type of treatment variably affected tire 
capacity of lymph node T celk to produce Thl or Thl cytokines: 
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The' inost .-striking observation' in all three '■ models of auto- 
immune diseases tested was the finding dial: treatment, with CT- 
B- antigen suppressed leukocyte iiiiiitrati on into the target organ. 
This suggests that the mechanisms governing^ 
since by feeding or inhaling CT^B-Uiiked aftttgem may: iiivtstv© : . 
modifications of die migratory behavior of irdiammatory cells. 

Pi mention • !?f grott rqecdon 
By :ce m phng thyraocy t e s to cholera B s ubunlt and feeding this 
conjugate to mice, it has been possible to signihcaindy prolong 
ike survival of transplanted hearts in allogeneic mouse recipi- 
ents (.unpublished, results) . Recently; feeding CTB-denYatized 
donor kexannocytes has been shown to prevent corneal 
allograft rejection to-ttikfe (259) . 

Prevention of type I.till^esr 
The possibility of preventing type I allergic reactions by 
mucosal adxninistration of a prototype allergen linked to a 
mucosal vector with hurinsie inmninoinodulattng proper rie^; 
hats also recently been examined m a niouse model of ovalbu- 
min (Om)-induc:ed allergic reactions. Thus, mice nasally 
administered with OVA conjugated to E. c&li IT-B prior to aller- 
gic: iii?nsltizal:to:(i showed suppressed skin DTK responses to 
0Vk and also suppressed serum 'IgE-antf body responses to the 
inhaled allergen (260) ... Further, these mice showed markedly 
decreased anaphylactic: responses to intravenously administered 
GYAk Taken together, the latter observations indicate that under 
certaih co3iditioits v mucOsad adrninlstratioii of soluble protein 
together' with an immti-nomoduhttng mucosal vector can sup- 
press both systemic Th'l- and Th 3 -driven responses, The fact 
that the same type of regimen is also known to favor SdgA 
responses in mucosal tissues makes this concept even more 
attractive since Ig A is known to he non^phlogistk and could 
theoretically outcornpete TgE for binding to a given allergen, 
Hovyever, it; should also be pointed out mat suppresskM ofThJ- 
driven responses such as !:gE ahtihody resporlses appears con - 
siderably more difficult; to achieve than corresponding Th 1 
responses (e.g. DTH) in. an animal already systemically sensi- 
tized; to. the allergen ; m the latter situation, nmeosal treatment 
with CT-B-conyu gated allergen required prolonged administra- 
tion: of the conjugate and was effective only with certain aller- 
gens (C.JUsk, J. Hohilgreh, C feerlansky unpiiblished obser- 
vations). 

Mucosal vaccines for simultaneous induction of anti- 
infectious and ant i pathological immunity 

Somewhat surprisingly vaecMol ogists in general and mucosal 
hnmunologists in particular have usually believed that a recip- 



rocal relationship exists between induction of muuunity and 
tolerance. The observation that mucosal immunity, which is 
typified by secretory IgA antibodies, may develop concomi- 
tantly with systemic imxminologica! tolerance has led to the 
belief that vaccines against inn cosal pathogens should primarily 
stimulate immunity without, inducing tolerance. However, 
from a theoredcai standpoint, the possibility to manipulate the 
mucosal immune sy stem towards both mimuruty and' tolerance 
appears rather attractive when Considering strategics aimed at 
protecting the host from colonisation or invasion by mucosal 
pathogens but also to interfere with the development of poten- 
tially harmful systemic iinnuxuplogical reactions against the 
same patlrogeiis or their products. 

The notion that; imuitmological tolerance may provide the 
.to'st widt a protective mechanism agahist an infectious disease 
has been elegantly illustrated by recent studies in transgenic 
mice. Whereas mice from a susceptible (BATB/c) background 
develop an early Th 2 -driven II -4 response arid ukunately suc- 
cumb to their infection with Ldshmaniu major, mice rendered tol- 
erant by transgenic expression in the thymus of a protec- 
tive surface antigen of LeishmGflia, fail to produce this early 
response and resolve there infection (261 ). Very recently, toler- 
izatiori of post-thyrnie, mature pa rasue specific T cells could 
also be accompiishedin the periphery after nasal administration 
of as little as i 0 ug of X, mctpr LACK antigen conjugated to CT-B 
(262). Such treatment markedly delayed the onset of lesion 
development in infected mice and reduced parasite burden in 
the skin and draining lymph nodes of infected mice. 

Similar findings have also been observed in mice that had 
already been infested with the parasitic: trematode. Schistosoma 
mcmsorn (263) and treated with .a CTB- parasife e^mjugare vac- 
cine, Tims, nasal treairneirt c>f xnice with. S. mtin^u glutathione 
^transferase (GST) conjugated to CTB suppressed granuloma 
formation and decreased parasite burden and egg deposition in 
the liver of infested animals. Protection with this nasal CT- 
B-<}ST vaccine was associated with decreased hepatic: produc - 
iron of IFM-y, B>$ and 1L-3 bnt apparexitiy inma IL-4 produc- 
tion, ivtost importantly such treatment: could sign iheaxidy pro- 
long the survival of animals, even; when initiated as late as 6 
weeks after initial infection, that is at a . time when liver granu- 
lomatous reactions are most pronounced. 

While this type of approach has only been attempted in 
two parasitic diseases, there are obvious microbial diseases; 
which could theoretically ben etk from the concomitant Induc - 
tion of 34gA immtiue responses and down regulation of local 
T- cell driven immupopathology Examples of such diseases 
include gastro duodenal ulcers caused by Hdicokcter pylori, geni- 
tal ulcers caused by papilloma viruses, broncho pn en rnonius 
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induced by parainfluenzas vume* and: respiratory syncytial 
virus, or chroriic .pelvic i¥ifiarri^>a<)ry disease, trachoma and 
uxctkdUs caused by CMamy&hi $mvn\Mwe: 

Qthsr.rnueosai. delivery -.s>'$teiTJS for induction of tolerance: 
Most of the: Work -published so far on induction of peripheral 
tolerance afte* ■ uutosai aclxtiiliisiratiiDXj of antigens has invol ved 



the use of free antigens and more recently thai of. mtigms e;o- 
administered \yithCl\Bor analogs. However, the fx^s'ibi-Jity of 
developing: improved tolerogenic formulations based 011 
mpvessim of selected ahugeris and/or aruxiunc>rxK>d;u3atixtg 
cytokines and chernokiues in appropriate vectors s e g. iactoba- 
c:l3ii, edible plants (264), or corresponding- genes in pksatfel 
UNA (26 S) > are now being actively addressed. 

Mucosa] ly induced tolerance has the viriue of being a pow- 
erfti! natural and: .specific protective mechanism agaiiisi adverse 
unraune tactions thai may result from mucosal intake of 
immunogenic marters. This property may be virilized to treat 
disorders associated with untoward immune responses to self 
and non -self antxgeris, such as certain mitoinimune diseases, 
allergic reaciions, and graft rejectiorj (Tal>te I). Hence, mucosa] 
urumuxmioduiatio/n via appropriate delivery of tokrogenic 
eonipounds may be where: die future of ami-infiamiiiatory vac- 
cine? lies. 
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9*, Ht>v<fe)^s &. Ty traittg T. %m:.Ai. johnssem K, 
Han^berg B- Colonisation m the rectum m& 
mmm:mtyn vvhb %?o\qi. B $iix\wxmi may 
mdnay^pee.i.be an sihody a\v»rKJjive* in cervicsJ. 109. 
st^t^ou* Oi. pregnant ■ wf>r>\i?Xx, 

m K0^<mm m, o^um & imm uxx. 

bJanlgaa T£ Comparison *jf xbe Xiral, recui , 
•wd v^ipal^timmnte&iaai routes & i 3 0 

bTduction of anf.d^odjes i.u; reeud >vH*- jg^xiUaj. 
:nvt<u sf:'<^ : k>f $$•: v>f • ww.ue.n-. 
hxfcd ImmWl ] 99^,65 : X M J- &9fr. 
i.00, Hr<bson.K v ea ah %ca#c- ambody -^exreuug 
veils it) chfc tectums and genii^li tf&its of 
human prii«ai«s-f6Ue»viag vaccisuEkw. 
in>munot inhiix i?.nmn» 151. 

J : -ft!L.&iro;M. yJ C^nmtiort of h^Stinal T ceUs 
flora pm%mit<:m residing in -gvit 
crypuipatdies. 

to>-; inbeeb kbA -zl lmmmx*$mm.ify of" 

recotnbmam ade^ovirus-fcttiAT} \ )% 

imnwr»>fJ.<^fk>f:fif.>; vn VAi'a»f:s in 
OfuUiT^Wi^x'S foltowiQg intrafusal 

AIDS i'hmx $Mt<>vivu%&i 

Qnidbt^ jarbtink ?4, Gi^nsr^orn G, 
^orcisnom 1 Holmgren J. .C^jfjiisk-y C- 
btducdon of eompartm<mtai}Xfid B-edl 
:n>spoji^$ 'Six human t<>xi$i'Js.. 

^c?<>ior f --hwinusig- ?<?$jx>fiseA : i« die CemAle 
n^w^nix3rj.au with a r^co^xbinani 
hexpv:$ simplex virn$. 

Kosemhal KI. M«co$3?. in unity And 
proi^cviejxi -after aif^nss&i i^nn-vjnj^anon: wii>;. 
^ofriMMitt ad^novk t« expr^ in g.'herpeA 

j Inf^cx l&hif&:<&l^i% 1.1.6. 
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iff.U;nnniAauori ■Uimxc^s. XongMm p*oft:enofj 
chAuenge. 

Sibevr OJ, Me^cky ], ^Ichaink. %i: Sftl^ar.^ 
uasyj^ gtnniat; and sy5sieni^. annbo<j;y 

m<>ukevs in4nKauv*<} 
intrAnasally wii^ a bactefiftl proton ^niiga« : .) 0. 
ayid altera toxin B sxibuf iit:. 

X>i 1ojJuua?50 A> ei -&L indyciio^ af aniig^i- 
Sj^cifk Antibodies -in v^inal secrcrtkjnA j-vy 
U!>«ig a ;).(>nn:>:<ie. nviiranf of h t^ai 4abik • .^0. 

•^n^i'Oroxin as a mucosal ai^fuv^nt 
infctv i;nn>un 1 99 6-(S^;9 7 4-9 79 . 
Sfaa^ HE Nnobo'is "WO, -?alte : Tj. Sy^eTtiK;. 
and v:3gi«;i j and bod y respone^ aft fvr mU^a^a} 
ImiTj ujuAatfon wkh ibe HtV - .1 C4/V;> pc : p?j(.ic • 7 A .. 

} Imnnuio! lM6^i$? A&i^ifL 

Ht^iafjgfoai j. :^.^din A, .tnvrana^i v^cei^ati ran 
ofhnr/jA'fjs "with r^cor^blnaut ciaoleva loxin B 
swbnni r J;idn<xs sysiewvu and k>cyl anybody ; 23 
m-f^BSfcJi .the itpper -respiratory tratf md. 
the vagina. 

Johaiii^son bb, Rask C, Prodyitk^an M', : ?.4 : . 

bribwwi K.. (. 'xixktiv&y C< Ho.Ung^:rj I 
An r*b<xnes aM ifiti bady -stxeirering edk-foii he 
itrmaie genital aaci aiier vAginalor I riixaua^a: 
iwmnniA^tJon widbclioiera toxin B snb^mi 

IriJ^cv Jjunnafj 1 99$ ;6-6 b4—K>. 1 25. 

i-b^rw-bters t),M, $toop AH, y^ji %f V^n b 
Rjf;w^u^:.-i j f v.ij; de>. Kaan & feinia T fnna- 
•«:pjxUfcUai. ,iympbov.ytes ^^4,iio;udyfnpboid- 
■mtte m the human n^siii mucosa. 
b>f Ar<:b Abergy Appl brimunol 
[9^9;S8^7->? 

Gicteme -Cook .tv Bha/j. AK V Haxi -Ss ■ i 26-. 

Xmrf5WM>h^^od\e;:niwj cbar^vaeri^adon oii 
irm^pitheUai and subepitbelialnionoBUvkar 
Oclis oJ f:iut up^>er airways. 
•Amj f a^bol . J.9<>3: 1 4$: X 4 1 2 . 
Koplbf: : CF, Hanndet:r.!> 0$s& S.vtj Sj-Jitjev JR i 27- 

v^ii dtir Wfi 1> BK^vv^nga }, Stninu X 
bympliOid and nors- lynapb oi<i cdk in msi\- 
•sss-^iaied lyiupb^id.t^s'tte (NAi'I '> to-&e..ttjt. 
An immnno- ixid en^ym^-hf$iov:b«niciii 
^udy i 2-8: 

Celt Tisxne Kf:s 1990;2S9::>> ! -^77. 
van dt > W?n .1 ; Sfiimia t. The d^v-eiopnient and 
sm-icaw* ofn)^Hn;e .ti^al-a^soc>af^dlyn->pb;.>td 
;;ivs,ue- an; itt>fr-nno ■ ;j;>d yfr;<r 
b«toe.heniK;aJ. udy, 
Reg bnnnrnDi 3 993; 5 H>?^7 S 
Ogra Ft. .bdey^ of roj^Ti^eton^ 
adeuoid eetomy ojj n^opbaryrigeal ant! body 
a»spon!?i? fry poboviru 1 ;. 
N Kajgi.J Med 1^79;2S4v5? -44 



.fifJward?i-i!N, Mortis HB.. I.ar}^'di^i}s"cdb- a.nd- 
lytnpbocvie si.tb'if:ts-:tn ihp-fzmkte :gt>xntk\ . 
Oa<". 

Br J Obstei: Gynaecol \9m92-9 ?*~9$L 

iran^CTipt oi be r<:cc>pvf>rs ior IgG. J ; ILA sd^ss H; 
yjin^ens and laTjgfrrha/^ o(?3JU.ixj kimu 
■<;evvj : co-vagi nab epit^<:'j i '0.<;:n 

tixp Immnnob i9^Z;90:>.3t>>-5 : :$S, 
Oisi'Mi.i A. jr*h»sc>fi MA, Maclean A v 
Pouiter I^ Tbe di^ihytton of 
bYiniui-ioeon-iporoni: cdk.in- ^ss-iml faacr of 
Jr:ifV-]>osit>v¥: women. 

Ktttu-h WH. Hatch black web K.K, 

Mvr$tecky J. Secretory fciinwn* sywm in tbe 

fensak f cproductive ixm;, i ■ tam » : inogk>bnbn 

and set-f^.cn-y c:on^|ji0.ttc/:U"Ct>niaiftir!.g ,cc iJs, 

•Obb'ftr- %;itSvoi i^«;.7:i,- Sb-bo... 

Kutteh- W}, Me^r^ky j..Sccf^TOJ:y nrimunitv in 

■th*;kiriab>. tftpfodiiedvc tcaet- 

Am j Keprod immanol iWr. 3 1:40-46. 

Ogfi Pb, Ogri SS-. iocai auvibody f esi>oa$e f;o 

'p.olj6vuc.j;i?jf: : i;f5:,tne ibtnait' ytfjuial iract. 

T 'Iwtutpt i!>75;l i0: 3 ^O?" 13 U . 

Wit^eit 1., Schon K> HoLntgren I : |<frtboru M. 

by eke .ML locai ixttvasra^riiii ^c<:H^?j^ii-of th-tr- 

{^male genital u:a<a. 

; Sfjanci J Iinmy,tlol 5 9S6;44: 40&--U 4. 

ttttti ty in die female g^ita! tvAct; 
fekvanr^ to v^eJuauon efrb^ts againai -thx 
human iinmvjncKte^acncy virus. 

Anas-Re* mm mxvMmiz* 1 994; vo; 
mx^2^ 

■&x>v§wm KC. WaJd;najj. RH, TiJichner , 
pobi W Anribody in fc-avs^isaltvii. arid naAal 
.!>ccrelio««i b>l lowing or^l Ifomnnization of 
hitmau^ with inactivated inun*im virus 
vaccina. 

hv: Arch AiUv.jgy .Appj bnmi.mol 

Bevgnjaj j KiC, WaJ^ua;i ,RH, Oral 
'^mim^kih vvitb irdlnen^A. vlrn$; 
KKperirnental and ciinical ^tudi^s. 
Xhifir lop Mtcrobioi annriUJiOii . 
j^9:i4^^3"^Si 

Moido^uaAut X, Clt'jne.nts, Mb, r^rincc SJ. 
Murphy hH. Mc^tecky f Unman imtmane: 
rdspousfcs to. mi ktenss .viftts.-vacci 
adnyinisitered by systemic or mhcosal routes. 
Vaccine V ) 006- : 0 J . 

Obbson ^ Wi jj\cJj.u BM, OiJJioan JD ; 
MesttH'ky L Cottjpafis ^WL Mucosai 
imnn,miaaiion against inBuenaa virtis ii#r>g 
bioadbesj Vt> ^oiyffitf Proc^din gs, 
Options iov the Control pt JnOnenaa in. 
i '39$. (tu pj»s:';) . 
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}%,. Mc^k*X j£. fxii> X>XC<X3: ^ttftt*. 

isi ^^^^ ^wif: 3 




« 4-2. Safe i; afeksgwa | -Ke^T&Sa«it- i 



&mx$id -iij^ife^a^^-'.^fttk^y wu|>i^ 

: mi 



■$mvZ'0d*i VxtXKKh'} hi^ylkt p?<mili 



! gfe^iXi '%W;ij:i^3£^; i« iter: « 



1 5^ ;. &vmz^ C. -e t. ill, M^Ss 

Hfilptn; i {Mh.zitfl &w$i%ivkt xmiyiM&y. 



mx&> tmci>y jb^^ik p^wi^ 



With vM^MmtfrfamiiSk 

< ^ - v - ■' ■ * - \-V* »X \ - * - -:■ * - :* • - » * ' v - * ^ ' ' • ^ ^ \^v.'. w • v.» .t 1 x * 

Km %>mi *m? 




SU>X>S, 

n* «x>v^:-: !.'■>.. tXl. vx>, % . :: , y: ,>.,..; :; ..y 

<::^vXX:^^^v. 

c^t^x^-ni; ^^iio.^s. 



:>4« m 



k>>xc>vAl. vxixu^x ^ 

X^|i3^J^:^!>;i» Xf:>^.< r::i:^X:;^XoJXi .d^CJi^i^-iH 



> I 0 



GzedvCtSyy ex 3! • M»»S$aj vx^xi^s 



iM, Vmixiy -Campb^ii M Chris m, Bdtack i, 
Graf.. an? EL A re^orobrnaru hxwwi 
aitenovirits y^vfiiRfi aggtatt fal>ie& 
J TrjkttDb? ] 990;i 61;Z7"30. 

: 6r>, f^U KB. <:v a] . • fc^iifc^ettftf of 

rscomhm&madeaxc^ 

virus vAeeme*>vxUs adenovn m :m xypes 4 . $ Mid 
y vectors in dogs and a ehOnpao.>ee 
} Tmea Piit ) : 9£'2; i 66:769-7? 5. 

•66. Tad-;e* CO, er :^f. fttuk* arid 
irnmunogcnicaty studies of an oral 
recombinant s^don csfespax \ 11$ B vaccina 
Yaeaxie ) 99V.;iO:67>^7&. 

;i:r>7 Ektt-^ :^ir<>da MJ5 V Lbxrig X, *M*n'fc XA, feo 

to h^)i^^miiri-m^m> glycoprotein of 
bovine eoxonavinss by ^oxhbi»ft»t 
adenovirus 

irrif tUAnology i S^S: $6 i 3 4~i 40. 
: 68. H, & yi Repeunve adertovxnfs 

^mifcfctrAtitfft to tbfc forotid gland: roifc of 
mxm(moxogie;ii barriervaad hmucuon wf 

Uxotj Gene. Tlxer .1 998: :i 0x305-3 1 3 . 
i 69. Etoebier B, et aJ T.arj£t' -scale eradtcatioii of 

vaccine. 

170. iGeny k£ ex al Impression of rabies vims 
;yiycopron>in from a wcoroburatf vat'eama 

Native l9M;3Jl:i&3--4£& 

17 1 .,M&mx .CA» S-maJi m Jr. Enteric 

xtnmnxx&atsoxx of mke -again*? ratlnerr&x mth 

rea^dxioanx vaoyink. 

Pvdc Natl Acad USA 

1994c? 1:1 n*?--HP>:. 
t-71, Sfeay Af- ^ohori^rj>CorMj M, ibuertenkxrj-S- 

?>:psk\hwd by a fcu>frtbnnxnt vkus vector 

onhaoce^ oipedfk mucosal tgA responds in 

o>>>. 

Bur itetttm^i 1 13:5 I 4>~3 
i 75 . Paoletn. r.. Applications ufpoxvuEj?; vcdorSUa 
vaccl.uyi.ioii: aii up<hU:. 
PiwNad Acad Set USA 

i 74. Weber J, lay] or j, : lamgfca j, Paolexu E, 
$tepbenx*n Cb. Mucosa] vacxtoatiOa with 
reconrbinan r j^syxriJ : s varxaneS pj oxeee> 
ferrets agabxsx symptomatic. CDV i»fi?ctJOjV 

1 75. C*0Tij;'w II O^alikene. W iv>xtrnier A, ifioii 
Comparison of Qxe efficacy of repfif^iio^- 
defective a<icnovirt^ an<i Nys^s: -pti$vi&& as 
caccifJ<; vectors i^) ^>;.cf:, 
Vatdia'fc i ^6; 1 4; 1 083-1 6:87 . 

17^ iKlayjr A. Oan»^r K- Vaccmarion agaifjAt fzox 

coiTtditk>rt$: 



1 7 7, Siuvc^ v O f WyotU iX. roky PL. Iktnrii/jjk JK, Moss 
S A TCcoffjbinaiu vtxlor ■ilfinwd fixnii die 
ho.<t'.ra«^evr«sraiacd aixd highly attc:iiuaf»>d 
MVA ,sttain of vac^ift vims siimukfts 
proj;ocovt; imnj-onfty in xiiic^ to fof ta&iza 

Valine J 5>?4;12:i03^-404 ; 0 
i 7 Morrow CD, Novak MJ. A«s5T<iii DC, Poster 
.DC, Molf^voaxui % R<?!ttvmbj,n;uv v vitxt^s 
vectors for mucosal i^K^ia^v. 
Cwr-lbp Microbiol ivmnvnoi 

t /S^. Ojst-y .lj> «tal H«u.aor^.. mt>rf.vs;jc, aild c^ilxikr 
tmmouUy i« io^i>oose to a hiijmn 
imtttur^ocieteency v$n^ type I iwni^ogco 
e^prfissed by a V^jR^ueJan cqrdfl^ 
en^phalif j % vir xx-, vacofie vector, 
j VttSFjl r99; ;71:305 ! --3O3S 

:: BO. Davis Nt, ikxwn KV^ Jtitatc jjj RKv .A. -viral. 
vaccim i: vector- that :^\f>rt^^t>s foreign .gejrc^«- in 
Sympb jiodev *tttd protects ag^iri^ mxtoo^al 

J VtEtoI 3 9 ?><s • 70: 37 ^ 3 -3 7^7 
:Si PusbK; ft Patkot M . l udwig C V, Day is NL. 
..Rvhn-*^>c< EE. Smith }K Hepticoti - :>etpe>: 
:sysx£m$ fmm aiieuuaf-eci y«mc3piielaj> .equine: 
enceiphaliti^ Tint?,; ^Kprcs^iotvof 
b^t^ratogoris. in vim xxfssmxmtMoxi 
agaipsii bfttfiTrji^ons p>if>AoycnA. i« 

1 S:2 . T^«.g::S. vsn Eij R. Siiy^a p, Andino^. Toward 
a pv>iiovJru$ -ba^d sirmari irnrnuood^cl^cy 

subiii &v aiid br>ff?itnogcuicity 

f.V« J 997;7J. 7Sf J 

AfiC^f SOji MJ, Pc^n&r DC Mokioy^anu Z v 

Fktchtjr TM 3rd . McPh<rr;^on S. Mom>w ClX 

ChisfacKimi^)tt- of dst- v:<prc.r-^on and 

ivamuxxog^icixy of ' poi:ioviruv fcpiicoAts iiuf 

c ficode simian immxr^rKj.<i-te<:«ty-A4m5> 

AIDS .Rc> Htjfrt .Hotrovku^ I997rI3;S3"6^ 
1^4. Wolia jA f ^ ab Direct gene tr^rjsicr mm 

xxiouse rotjsclsi vi>«. 

Science 1 990-247: 146 $-146$ 
* Ulmsrr p. coal Hetew>l^gOtiv powedou 

agaiwst iwt1uc;ixa by iri|m : iOf} of pNA 

etteodittg it viral prottdw. 

Sckuce i m ^5^:1 745- 1 749. 
I $'(>.. ^ors?rwtoS r ^aiuamoro SCataofca X 

KtErai^ovol;:. O, Tbkiixjaga T; \louru^ 

paJ.tudvojidc ^q^:cncc?s in ^y nthcrtk 

oi^Ottucfe<jti;dc^ .-att recjeio^d to induce d : N 

iiJtt augtneut ^N->mftdiaxe<l naxtirai kalkr 

iso.ivjty. 

j .iniwsuiiol X 9>> 2 ; J'*S :4tt? 2>»? 07 <L 
its, SaK) % et a], imminx^umulatoFy DNA 

yeqxicnce^ necessary for eife^Ow mtradcrinal 

gtnic: inunnni^auoTi. 

Seitic»«s J:9^<i:2? J:5S2-3 5 4. 
IH^J, Kneg AM. stab CpC» nj^Ots :uv bacterial DKA 

^%gcr direct JV-cdl aclivariotc 



K^ri;xxa.:xDM > Yi AK.. 'lka^pftg% Cmowx J. 
iirit^ AM. CpQ: motif s prv^ent in bacteria 
DNA rapKily otdnc^ jyiuphojvyxes to ^ectete 
mscrk tikis 6.. mrerlcukiu 12, and 
iXttetfemtt ^ 

Pvoc Nad Acad Sci mk 1 :99*;?3 ; W9~i M .V. 
?9i); Kvi<:g AVT. iovc-'B*ma.ri L. AK. ifey |T. 
: CpG D.NA iad«ces str^taxocd Jl> l7 expression, 
.it? viv<t a^d rc>ista;oc^ icv listed* m^sweyto^ev 
cha::eugc. 

} Jf;nmTJ?Joi 3 99n;Ul:2<ll$ ---2434. 

19 t.-.TafajfeX" Walker Kvxeg AM. ^deyMC, 
Vejgd JC Activarxon of ;c«ta»^«s d««fj«feic 
Crlls by €p<^-- v(>^-tAi>-m>g oligc-^iuckorid^s : a 
role for dendritic ocdls In the angnietitadon of 
Tb i rc>pf;j.i?5ev by konyufw^imtdaxr>rc PKA. 
r Immunol ■t9«8;t«-|s3O«-^-049 i 
. Moxdov<>ao-u l ove- Hoixxaxx L. y-iuaog VvQ. 
^txeg AM. CpO DNA, s novel .ftrnwrnti 
'efnJjjtfl£$r for xyitsxwjjf; and iiroc^sal 
iffom^nixation widt ^nfJui^a virov. 
Vaccine 5 2 3 6-5 

1*3 . Fynan ^ vis^uar R(3. fuller DH. Hayne^ p.,. 
Santoro jCj Robnx^on HI "DN.A. vaccmes: 
protective imnitnn^afioii^ by -partjiiiieraf, 
':TiU.cc*$s| and ^Cjt^ gnn i'fi<:K*<riaijOns. 
.fvot-. N:i.d Acad. S<o: U'SA 

f^4. Wang .B, el af Gen^ mocnkdoii gerjerat^$ 

unoi-U-rie re*pojj$e> again "y 

Froc Nad Acad Sci USA 5 9=>^90:4: S6-4X60. 
J 9$. KnMin SSI, DsfctSiua M,,JCa^iTJ K, Manicka*; 

■Rousfc BT. bxdncxioii of oniCOsai iirxxnunny 

a^aiwsi dwvpes sinJpkjC -virus hy p]a$micl DMA 

J VlXOl 1 997 ;7 1 :.3 f^3E? 4$, 

X9ft {-tebari R Bijcldand R. tau MA, Wild TF, 
Kaiserlian D Ciaw l-restrieisd Ctl. inciccd.ou 
bv »w<.o&a3 : iBxwi^J.^ti-o/i wxibmk^d i>NA 
(:rictft1iff.g ;o^aslev viyos ))*em*ggkiti»x»v 
J Goo V^rol 1^7y?8 :l !i 7?- l5«a 

j 97. Barsga^i Mb, ab $aie!.y Mxd 

i xmn lifio^exwcity of i f5Xtatnn scidar and, 
inlrava^inai. d<di very afHTV- 1 DNA f.on *0"uo& 
to bifax-si- chifxxpaxvi:*;e$v 
} Med Mmatol 1997 ;i6xZ;-oVa . 

j M. McCkiskie MJ. Chu Y. Xia Ji. Je*>e* % 

Oeby^lra -G, Dtwis Hb, Direct ^cjx^ Oian^ier to 
thfi re^pb Atory tract of ;uicf w.ixb pure- 
plasmid a«d ir|nd'ior«xolated i>fxA, 
teis<mse Nxxeiac Acid D^xig Dev. 
]99§;§:40i-4X4. 

199. Oksda .V., eXai birrauasal iwy«wAi«tjOO of a 
DKA ya.ccine; vvifb U. ? 2v and graftiiiocyr^- 
^nacropbage colouy- ^timn^atuxg fezxm (GM-. 
C&$$:- %Zpri& sOi ^ pksrf j Rte ift irposo; ttev 
i/jducfri sXroug iTinco^ai arid c^bmediaxed 
ina^xune rft$pon?«fts agaxnsr BlV-i: ravens. 
J xmmnnof l»7: J59X363S"-3647. 
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£00. Sa$akt;S> eCai, Ownrxtoson oritutATJAsaf and A i :"v 
im:ca.nmscujAf imssi ti«^fion aga j h uiuan 

;mt>n<>p'hrjsphf/ry:i %id A .adj.uv.aiu vaccine.. 
UitVl Irmvnui i 9v^;66:^Z5^26. 2 i 4 

Z(i .1 . Klavm^is ."IS, B*rnBdd C, Gao-i;, Parted 
i/i..tt<ttwal >:rrt:omni*adon with plavoJjd i}Ra • 
•lipid . toirspitkzs eik'i'ta- nwcOsyi. innwjrtuy rn I t 5. 
ib>r ikmk gfruitd yseral watts. 

of micro m<^>n&md DNA vaecmss. 

!Df:v Sranr} iv9&:9l: 14§~ ) § 5 . 
2ti%- CkwX %C, fcv'al IVotecris-e urijiuiutf ): mduesd 
by Oral nruann^saadon with a votasdru> DNA 

■ £04, I%jl A, -ftt: ai. Oral soroarb: traosgene 11 7 

v^t-tifiaijofj. '.u$to£ 3tJrj?iM:urt«tt 5. rypeimarhiJE, 

: 2n*b Pa&Uy Avioh T. • Cnmrs an • CA . 

Colombo MB: Qvzit: transfer in dendritic edis., 
induced by oral D.N'A vacda&*i#$r wi<h 2 rH 

&in^t>ne^:ty|>hi^^rjiitr; 4 revtti'ts in. pxot^mc- 
hnnnmity a^aj r !:i«ii a myzlm '/i.bw>$3*etnna. 
&Jood 199^,91. > 

O'Wkiii CyW&Uxx*^ Ceikvei CM S 

Tlwnrpson t, Mo ID Jr, I>NA- based 

jaunoTbaation b>: m.vm> -cf^&oiotf .of S> 

d^itlri ric ceils, 
Nai Uftd [ '??ti:2: J 3 

107, Carres S v itiaba Bfuiyifrawu T0, 

Stelnmarj rm. Bona C Ajuigen preseAiauon 2 2.0 
by .d*nid*i^ \<iih 
.ON A ^r->;:t;>di«g major iuKocon*psubJ&*y/ 
cornpje.v class U ^-e*i;.neted viral ^piff-'pt'- 
| Exp 199?; IM: -i4S6 

208. Chartergoon MA. Rolrinson TM> Boy^v jD. 

Wdnc-r 0B- Sp-eeiik hrammr htductioxt 12 \ 

following DNA based jwuwmiaaticm through 
ia vivo iransfecwon And Aouvjitjon of 
incivmplja^e^. 

f ln>muuoi l*0::5?a7" 57 1% : 1*2 

W% bkbm O. Pani&ani R Qiaxnla Tajs<o^ K- 

•frgj:ir;i : fx-aion. and. acvi:vuno:n oI' dendrjAio cfdls 
•as ^ey <fvoin^ ibr Jinniufjiriy 

Ttfh Umm H5. ' -anvOMK. Arrirz^n C].. £vpf.e*$i.<.tt 
t>£ heoati.n$ B surface 4sitr^cn m irar^^nn': 
rdanf*. 

t'roc N>5..d ACvid V:i USA 

Ti \, Arnn\e.u -.Q, m*m H$< Oval vaolftf: 224 
prodiicd'Jix iii the eciblw •iiSAues of transgenic 
j>lai>ta- -tn;.XjfMne Wm&xw '^mt 
flK Cobon f^S, 'eds.: New gejier&ioi* '^ : ac^nes.. 
Nt>w York: Mjaced 'Dekker;. J 9;:>6 ,.p, 
Barxcner^e i. SiernnjaR KM, IX^iKle^ic enils 
iS'<X ihe <x>naml of nnnnmi t.y. 



MAyOi^omer JTv.-et at.. Bp.n^ nrarrf:>v.^-4f!riv$5;j 225, 
dfryifkitk; cd.lv s.e;v.e as;pofenl adjM.vai^ts.- ior 
■ptpfitti& -htevd s;jtunfji0.i vacd«f:-S/ 

'ixmm^s^mu JM, t«fvy R, Denrlrute c^-U 

vaccine-, for c>J • ecr rnni-> unoikcr Apy. 

Anmi kwMwl i 9y9;SO:S07» S .?>); > ? 6 . 

ifcnder A, Btii LE, reidm^n MAS^ Larson -M, 

Biu^dwaj N. inaetiViit^d iiirluwt?^ v.-rus 

whftn- pf«jvt^uxi on d<rodriric c^s. -<sUdh 

bnrnan cytolytic re^onse^. 7.^7. 

j fe*.Med 

• Moovv ML, M&isr ?-5, P^n^ik N, Titus EG, 
•^ffisjnan }•.• hyftjfe?frri -pulsed ihsUMtsC 

cells indi^ec proicviive Jftuimricr re.sjx?nse 
a^ainsr;'!iu s :k tran^itiec] ^piroefie^es. 

.bTossareH (^otodx AH Mm $A. Mamn 

to 'w Ml Yu'^s-:-me4iy?ed :del;ivef y .of 

^;ingenie epitopes inio tiei>djr:i*k. teliv as a 

j^e^s to j/j<iut e CT1U 

| toftiunol i 'Si?? ;1 .58 : :>:2'?0^.U7 6 

Su:H, Mc^ser il. Whirrnke W, Vi^h^t B v 

Poftls iC. i*'?iiidw^i r:l">, 'vaccination Agyj:n>?. ; 

vhlmVfsXM. geiund iraci tnfecik^j aftra. 

i>iun^«^anon wjxh dciidrinc cejJs pnlsed 

svidi >AOind;jbje el-jJamydiAc. 

j Exp Med mft;lM.:»0^?38, 

Rangier BTJ; Snniaure ami fimttion of" 

.cholera, rosin, and die .rcla^i '^krirjjjs.-coji- 2 50 

Fjj^cw S,.Mag^u 11., i\\id-;i> EM, 
•Hoim^- CdJ^burg V; :Compar;isori of the 
carboixydraie • binding speei denies of chutes 25.1. 

it>nvei'o^Ax.3.uV J>Tij>t. LT-TU, and ^T-JJ-b, 

iniecf. ln>mtvn 175 j. 

Hlson CO, mW;n*g W Ckdnra iox-m . did nor 

indnce oral *ttk'ra?iO* in mice and .^brogrued ZS'l. 

■mte- loierance to an ann-eJAted ana^g^ , 

.. lyoke N, .srfojj.n^r^n j. Strong ad] n<-anr 
pro]>erii cs of cUolcrA ttmH- on g>j't >nncovai > 
imn^iiiie re*ponftes fco oraUy pv^senied 
ann^ns. 

hTJimnxdogy L^S%2:30i--3O&, 
, : Cle.rnenis JD. H:irizo»?.- K'M'. ' ?-yon PI.. AdJ u yanr Ti*. 
acri vixy of 'R^.h«YJ:v«rt iVii fjeat-hbije 
enteroioxin iind eifeer on d>n iod actk m of 
or^. tolerance in mk& xo n-nrel^fwi pronno 
3L?iiigen<, 

%Cv;:n^. : j 6^—2 77 ■ 

X<j- ■ Ajiisjio .), «i al. Hei.ner T-teU isuhstiFs for 

iranjtjrjpg.iobi'iiiij A ?c^rx>nses' oraJ 

htjimnnizadon with tetanus uAxoid and 

: choiiera : toxin- as adj livant sekciivnly inci tisios . 

Tit?, eeik in ixhux^ ^swiArcd ri^suy^s 

3 Exp Metj i.s*905i^9>-i63. 



Mn^oz lr. Z:.ibiaga AM,;Merrow M, t %.\\iU:v. RP, 
Huber EX Ch^iera rmdu dlssTiyoijr^res 
betv^'Cefi T helper i .{Tifj. I ce;k in T Ccli 
recnpmr-iTiediated actotioft:: jx>l*t oJ cAMf in. 

f cYp : Mcd i 7S": r:>i • -1 3.^. 

Msrinaro M- er of Mneosal a<ij:uvaju eueeeoi' 
ciaoiera toxifj n-slce' resells fmm tiidi&xlm 
ofT 'heJper-2 H n'i) c«:-ls aad.ii; -I. 

si^der ^ >,iarshail ]S. mdm MH. Uw% B, 
i^odnenon pi 'Jgli antl^^c and ASIcr^K 
•sclis-ki^j.uon of ;.iueVdj?r^y and pef ip!*ji::"A! 
tissws-.aftev oral iwyrifjunia*i*io.n vvith ;p.n>tc:;Ui 
Ag and r hoiery U>xuv. 
j Immunol ;i,^94;i5:5:n4?"^7. 
Wilson Al^ bailey M. Widianis NA, .^okc<- 
0\- The w? vims pmdualon. of cyivskni^s by 
jjattcva^ai iy inp^^eyic^ umne^i-^d by orai 
y^bninistration of k&y -hfjJe lirupet 
Jiemocysnre: nsm£ eiioieia toxin as. m 
adjxtvajK; 

Siin JB, Hoins^ren j. r^/.Crkin^jty "C. Cholera 
toxin B stbijiUi: an ^f^envn trAnsinncosA: 
carrier dtlh-evy syVix-rf* ihi mdueOon 
perip'heral h\yts uuu>tog;ic.ai toimn£t>. 
Froc N^d Acad "USA 

BeAven jC, Ksaif Ale. Reddv^ K^.KcaB'e'Bf. 
Cholera toxin ae^ i potent od|tiv;nji. ibr difc 
indjje^on of cyn>te^iC T4ym:piK^>ti; 
■jef,po«c t v,; \eidit nonrrephming anrigfrns 
^minnoiogy 1 >>94. $1 :3 d '. 
Lyckc N,. Tstiji t; Holmgren ] The adj uvam 
*dieia r^'V-'tlj^o' t-h^ktai: aud-i:k-ht-rkv^'ct ?Mi Isear 
.labde eritewvoxifi^ ls. linked to t\ms. AD-F- 
ri bfjsy itvan sttVi»5>e; activity: 
Bnr j hmnnuo: i^aiZ2:^??"2^L 
l^kalushi J, et al, .Meehan^nr^ -for : n>nc:osal 
immtnwgeiikHy an*! ad]uvancy; of'Esehend)jti 
ce.fi .iabilft-. t>nf«:nan>xni. 
\ hxfax .0tv k^tV.:t73i;ol? S>, 
l>>uce Ci, et al. MiiOa^ft of B : ^ttc;itli?>? afc heaj.- 
hbikt T<»;m iack*«^ Alo^-ri.boscJr;/ans}^f.3se 
activity acr ^s-.nonirj>;j'c, muco^ai adfuvwris; 
l 3 roc Nai Acad- Set 't?5A i ^5 V 92;: 1:64^- 3 o $8, 
. r3jekj.n-scm Ckmenv'> : JD, Di)m<Uxmn..of 
Ibcinvirhitt «>lf lv^ai-dabi]5^\-en¥t>v^>>iin 
ad j « vAindci t v 'faxttti. AT>& -rsbos >do.y.nsf^r;jse 
activity. 

Ini^ct immun ; ^>9 : >;63> liVj 1 eaa, 
Va^iamo^:'S,. er a!.. A nontoxic mntant or 
cholera xoum <ihut$ Th> -vyy>c rnsnons^s ibr 
f:fj}wfjtt>d nHjCosaj mynn*n.i.iy. 
rvoeNad A^ydSd UsA ] 9p>^ZX&~$pT 
Yai'i'jarfi<ao S, et at. Mtifanrs in rb.e AD.fc 
f ropsyjt.ra.nsibra>;e ekift ;of (-boi^ra ,t>xo v m. lack: 
:dUrrho>^frniciry but rcsam ad; nvantif :;:?)■• 



Hrmmde^ml teiovs 70/1 999 



r 



2 3 7 . Cftdkeo-r&ltf? S-JL Tonjasx TB )>• %*iexnnx 
: ti}ltVttok& ;«xd wcx^urry xnnyjuxxuy axX£V 
jminvtrti&ufctfi-, 
J &Kp Med 1 #§0- 152xH£9~* 
.XArpuA WJ. -tdfcacs "Xfar- f ok of 
crhf:rnokkvc<v in o/al vokxantve- abrogation ex ' 
noiJT.t ; spbYi-s.iv<?fj«ss> by 1 K&tav&U aijtx- 

rf^poiiw:* xo fcd p!X>uun anil gears in mi&t< If 
•Qrai rokxanw CMX is dne Xo .aeUvaOmx- of 
c.ytjjopho^phAwkk'-^Tjhi^v^ .cells by.gvilv 
p'xCk^ised ■ an i »g«*J - 
Inmxnndtog? 19 #3 ;45* :45 1 -45 6- 
HO; J&ruce Svs^hel, v. Bift^ DG, 

.fcergti&Oa A. Trans&xabie r^teince lot r dx * 
nmj iatnd im;«i!.u;Uy y/W ked.tn£ is pwwfcrttftd 
by radiation damagi: -iM xmmM by tewie 

Chij fc^ i^wmol 'i 3 -fit t * . 

."24- J. .Mayer USo X3> Tio XX, Small & Antt&ro 

xra IBckittg m sh* iiyL&iiisiii. 

Arii! N Y Acad Sri 1*96; 778..?. -S-- -35, 
24?:. iKaisex-lian D. Txxo xxxww&xai epidxtxxial cell: & 

won • a>ny^uio^ iyp* of an^geja-jjtreseaeit*^ 

r#U. in; AtttuXehxo S, Fftcgu«oa A, TronconfcK, 

eek. Mucosa} xnimnrxxtv axxd xjxc gm 

•^vjithehxriTi : jii^r^m in hsaMi ajj.dfJjr^ast\ 

.&a&& Kargcr; iS»*S. p. :>2-3.9, 
?.+;>. i' yxxciu fekei DC Smali-B .cells as arxugsn- 

printing cfctts £& xhfc induction of toieriiice 

10 soxubk proxeirx antigens 

244.. Fuc&S'EL Maiy uxgev P 33 turn t iff virgin 
bnt «fx nxttT'Of y T ' o^xU-. 

?A% Mai^xi(fr*«>jxG<;, ianlM; psndricit: cdh and 
Ui?&4*h4tt? cells In th« npuke. of «xuw$id 
axxii^ns. 

Curr lb ir MicmwA xtnrnunol 
24^ Stnmbifrs W al. Hating m$x$tt&y \mx 
hoip^v CftU- tjy*p« 2.re$f»a»iies and xeqnire 
Th i Inwnnrixry. 



2 ; i>\ leprae Kif, Yh&msott ■A^V.DsndHvk <*lfe and 
xoitecanec nxdw>.U>:>Ax. 
Cnn fep fenmsjjioi i J wS;^v7 - 402 

VVj!jx3JXX^:jJi .ti J ratiger N : A, Sxpaxidifl;g 
■dmcixiflc c.efe:^ xis>> eixhaixc^^ ihe ixjtinction 
of oral tolerance 

.ftnv.epha.knnyeUiw- l>y orAta.dnilin^w^uon of 
myelin basic: p?oxein. liL ^yn^gisuc^BVcf 
lipopoiy^acchciride. 
CeU inxrnm;^ 10S>:) .10-. 
im. Rcbim W Pmx©ne«;».-^asc:ij.Hi;-SNx.'£ f 
'%'aJfj.n U. ..Qnncal sfjtt.ininXuixpk^iaax 

itmmuiiothmpy grass poU^n ^xrac^. A 

.mix. J *%Himy i !>^2 : J 3.8 : H J -344 - 
'Wortinajin.K O^yj. hypo^sifeaiipn of : 
diUdrtrj wikh p6]Jfevo$^ or i\ou$e ^ust 
asxiirna. 

Z S2 Hoyne O Hohir KLi, DC Wra i fix, 

Tkxrnas Vv-J^, IK IniMbltum of t 0l\ 
oiid ixini'bodj,'- x«pv>r<s^ to hou^.-fliiwt iTxtxe: 
aU^rgfrrj by stth^&txoxx of -ike doxxxiimnt T cell 
.«pitop<r- j ; jx .nam and 
| tfxp Med 19^;178: i nt- '7$% 

lS'i\ Has$on DQ f Vis.^ NM> )l>wli/x^<» I.A , Lynch JM. 
iftbilnt:ic?« or^cili.c iijiuixxfjc . ies^&tisvk -by 
ft^irJjxxg prfjjfejjx 35xu^ie:«s, J:U riffetts: of pri<Sf 
rjassiv^ actiw?- vmjr^vnxv^aiixQn, 
■J ^imnnv/3 l.<i>' 9; 1^x2^ 1-226:6. 

■2.54*. Smu© I'nA, Hw-pcsr K» >^<i.)<J\ 

T{i.^.ntps<;vn iitSC BanvafS.,Axifjtnj:s^animat 

s nodeU &i" or,xl ; toWi axxc<;. 

Aiin NY AwlM i996i?7%-19?-mS, 

1SS. CmMn&yCt Cheers mxin ti mhtiiw *s 
■tmx^mixcnml carrier- Mi*ery and- 
xn^nvui(>modxi!av:ng $y. 5 ;?f:YJi lbr : -mducxit>n--of 
: 'aii&"3iii& : tkuw And ^^tj-mihoiogjcat 
ifiunnnjt,y. 

Ami N T' Acad M i >).n;77$: 185- W , 
?Sn, Sxm jB, Rask C, .Otesow T; Jjtoigjrtsa j r 
Cx^rkiftkky C ? Tr^a-5:flWi : £ of v^porjxn^xuat 
isutoixftmun^- c.nv^pb^icimy^liuy h'y fcM'wg 
myviUJX bask pr(^jf.fx;.cojxj nga.Xc4 xa thokra 
ioxin B v. i bmm . 

Pfoc Kav! Acad Sci USA 1 ^6;93 : 7 ^6-7 2i)i.J 



H^Ngrt-rx ]> C2fcrfen*ky'.Cx.^at(ii.««t -of 
cxj^\'rxmk>:o.(aJ. axx : 5:(>ii:«wx^j<: arunif.'.v by riasal 
adminr^fr^xioxx of '% t.yp* x\ Cx>UajfC^-t4u>ltn v a 
toxoid cofjjxt^ate vjiccifjc. 
Artkri*!* "Rixc<im . (xn press) . 
25^. E^firox 1 iit itl A cixoxer a xoxoi d ■ Insulin 
o^jjxv^at^. as fjtsi vacant' agvunrf spoixisnooxis 
axnX'imn^^m: .<Uafotff:$. 

vvA- Natl Ac..i<: Sin USA ) 99? \ 0-4614. 

?.?9: P, M^lfjjx J, Ki^xkoHX }Y CondxxumN 
aOkahx£ en hanxssd coxsictai. allograft »nf viva! 
by x>va! i mixnmi^axion . 
Tm-t>$£ Oplxthaxhi*:^ Vis $tt 

><:>;). Tans ij S v Haxoxi Tfanuhiia T.,J\i*.&Wh C, 
Kt^sif* T. SxippressXan of dc^yed-rypit 
kypexsftrjsiti viry ^nri Xg-.H sodbody response;; 
'ro ovalbu/cxn by iritmx*sai ^nxiriisxraucxvof 
Li>thtnchia roii ht>at:-iabUe enx^HOXin B 
Cubiinn - con } i j.g a f »':d ovalbn r»i ixx , 

Ify'i , )uiia V, RasAOVil^d^g^B M } fekhenhsu^. 

R^.<b?;irjf.o to -f^jihisuftvfa xi^pt xndu^d; by 

xokrante to a single snng^tx^ 

M-exxce 1 996: 174 A2 
Its*. -l&dSOThfy Sj, l^asic p-scbor jsiiw V. 

•CsendMky C v G:Laicbf:ri{ii>is, 'Ni SeivcuN? 

r^cf.i/.3f.ion of Thi. 4sk<i- t* K iX$ $ite? xxasal 

y tinnn^u'^ion of a cbokra tmm&lJiCt 

eoijfjU|>aife ( 

Ibif j ■■■Irtttnxinoi. 19$.S;2.&;44-45(*. : 
263 Ssm ]B„ er-ai.-lmrax^al adroixxivrraUon of a 
$M^sixijjft- : iyM«jiv - 'gbrtcttbif^ie: transferal • 
rhokra toxoidc a^r>ju§.a?e vaccine ep^kes' 
arai^r^kic and axiri|5ar.hok->gk;^ nnniuniiy 
in 'rrxice, 

■ Imnxuad t^Ptl63:iQ4S»iO^ 
> 64. Arafcawa t Yu f Cbortg 0K, itoigb i. 
inrgt>n PC, iangxidg^ WH. A pJam-ba^d 
ch.oxcx 3: toxin B ftnbumv4J^«1'B Ixision 
pjoxfciri j^rotm^ : ag53'n5t -the deveixipff yesxt of 
^nioinimnxxe dUbct^. 
:Rax tou^imOi 1 i4-:9SS, 
2.^5:, HoyK. Mao HQ;, Hnattg SK, tem^ Oral 
ycjxc delivery with 'xhi^^an-p^.A 
n anop^ruc ^^nt:xa^s inxm^jKHo^ic 
pcotectimx ixy-a xm'rtn^ wjwM of p^avuu 

Niu Mftd i9v9:S:.^7--3:>'i. 



222 



This document is a scanned copy of a printed document. No warranty is given about 
the accuracy of the copy. Users should refer to the original published version of the 
material. 



REVIEW 



nature-. . 

medicine 



i Mucosal immunity and vaccines 

| Jan Holmgren 1 & Cecil Czerkinsky 2 



c There is currently great interest in developing mucosal vaccines against a variety of microbial pathogens. Mucosal ly induced 

| tolerance also seems to be a promising form of immunomodulation for treating certain autoimmune diseases and allergies, 

jjj Here we review the properties of the mucosal immune system and discuss advances in the development of mucosal vaccines 

S for protection against infections and for treatment of various inflammatory disorders. 



s 



The mucous membranes covering the aero digestive and the urogenital 
tracts as well as the eye conjunctiva, the inner ear and the ducts of all 
exocrine glands are endowed with powerful mechanical and chemical 
cleansing mechanisms that degrade and repel most foreign matter. In 
addition, a large and highly specialized innate and adaptive mucosal 
immune system protects these surfaces, and thereby also the body inte- 
rior, against potential insults from the environment. In a healthy human 
adult, this local immune system contributes almost 80% of all immu- 
~ nocytes. These cells are accumulated in, or in transit between, various 
~j mucosa- associated lymphoid tissues (MALT), which together form the 
& largest mammalian lymphoid organ system 1 . 

3 The mucosal immune system has three main functions: (i) to protect 
=| the mucous membranes against colonization and invasion by potentially 
g dangerous microbes that may be encountered, (ii) to prevent uptake of 
© undegraded antigens including foreign proteins derived from ingested 
@ food, airborne matter and commensal microorganisms, and (iii) to 
prevent the development of potentially harmful immune responses to 
pjj^these antigens if they do reach the body interior. At variance with the 
illpsystemic immune apparatus, which functions in a normally sterile milieu 
and often responds vigorously to invaders, the MALT guards organs 
that are replete with foreign matter. It follows that upon encountering 
this plethora of antigenic stimuli, the MALT must economically select 
appropriate effector mechanisms and regulate their intensity to avoid 
bystander tissue damage and immunological exhaustion. 

Mucosal immune responses 

The MALT represents a highly compartmentalized immunological sys- 
tem and functions essentially independent from the systemic immune 
apparatus. It is comprised of anatomically defined lymphoid micro- 
compartments such as the Peyer patches, the mesenteric lymph nodes, 
the appendix and solitary follicles in the intestine, and the tonsils and 
adenoids at the entrance of the aero digestive tract, which serve as the 
principal mucosal inductive sites where immune responses are initi- 
ated 2,3 . Small but numerous clusters of immature lymphocytes and den- 
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dritic cells have also been described in the subepithelial compartment of 
the mouse intestine and may represent sites of extrathymic lymphopoi- 
esis 4,5 ; such cryptopatches have not been found in humans, however. The 
MALT also contains diffuse accumulations of large numbers of lymphoid 
cells in the parenchyma of mucosal organs and exocrine glands, which 
form the mucosal effector sites where immune responses are manifested. 
Consistent with a high degree of compartmentalization, the MALT is 
populated by phenotypically and functionally distinct B cell, T cell and 
accessory cell subpopulations as compared with systemic lymphoid tis- 
sues, and has also developed strong restrictions upon lymphoid cell 
recirculation between mucosal sites. 

As more extensively reviewed elsewhere 6 , antigens taken up by 
absorptive epithelial cells and specialized epithelial cells (membrane, 
or 'M,' cells) in mucosal inductive sites can be shuttled to, or directly 
captured by, 'professional' antigen-presenting cells (APCs; includ- 
ing dendritic cells (DCs), B lymphocytes and macrophages), and 
presented to conventional CD4 + and CD8 + a|3 T cells, all located 
in the inductive sites. Certain antigens may also be processed and 
presented directly by epithelial cells to neighboring intraepithelial 
T cells, including T cells with limited repertoire diversity (y& T cells 
and NKT cells). Immune responses in mucosal tissues are governed 
by the nature of the antigen, the type of APCs involved, and the local 
microenvironment. With most types of nonpathogen antigens (e.g., 
food proteins), the 'default' pathway for mucosal DCs and other APCs 
seems to be to generate T helper 2 (T H 2) and various regulatory T cell 
types of responses 7 ; this usually also results in active suppression of 
systemic immunity — 'oral tolerance.' Antigens and adjuvants, includ- 
ing most pathogens, harboring motifs sensed by mucosal APCs as 
'danger signals' (e.g., Toll-like receptor (TLR) ligands), on the other 
hand, and proinflammatory conditions in general, favor the develop- 
ment of stronger and broader immune responses engaging both the 
humoral- secretory and cellular immunity effector arms and also do 
not lead to oral tolerance 2 ' 6 ' 7 . It has been widely assumed that the 
recognition of pathogens by TLRs on mucosal APCs was distinct from 
the response to the commensal flora, but recently it was found that 
microbial commensals are also recognized by TLRs under normal 
conditions, and that this interaction seems crucial for maintaining 
epithelial homeostasis in the gut 8 . 

The sensitized mucosal immunocytes, both B and T cells, leave the site 
of initial encounter with antigen (e.g., a Peyer patch), transit through the 
lymph, enter the circulation and then seed selected mucosal sites, mainly 
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Figure 1 Expression of mucosal IgA immune responses after different routes 
of vaccination. The 'common mucosal immune system' is more restricted 
than previously thought. In humans, immunization studies with cholera 
toxin B subunit by different mucosal routes have clearly shown that the 
strongest response takes place at the directly vaccine-exposed mucosa 
and the second-best responses at adjacent mucosae or at specifically 
interconnected inductive-expression mucosal systems such as the gut- 
mammary gland link in lactating women. A notable exception is the fact that 
nasal mucosal immunization not only stimulates an immune response in the 
respiratory tract, but also can give rise to a strong genital -vaginal mucosal 
immune response. Shading indicates strength of response. 

the mucosa of origin, where they differentiate into memory or effec- 
tor cells. The anatomic affinity of such cells seems to be largely deter- 
mined by site-specific integrins ('homing receptors') on their surface 
and complementary mucosal tissue-specific receptors (addressins ) on 
vascular endothelial cells 9 . In addition, chemokines produced in the local 
microenvironment promote chemotaxis toward mucosal tissues and 
regulate integrin expression on mucosal immunocytes, thereby control- 
ling cell migration 10 . Of particular interest are recent studies indicating 
that mucosal DCs, in addition to presenting antigen to cognate T cells, 



can also influence their homing properties. Thus, mouse DCs isolated 
from mesenteric lymph nodes and Peyer patches, but not from spleen 
and peripheral lymph nodes, increase the expression of the mucosal 
homing receptor a4p7 (refs. 11,12) and CCR9 (ref. 12), the receptor 
for the gut-associated chemokine TECK/CCL25 on memory T cells, 
and license effector/memory CD8 + T cells to home preferentially to the 
intestinal epithelium. Notably, DC imprinting of gut homing specificity 
has recently been shown to involve retinoic acid, which is uniquely pro- 
duced by intestinal DCs, but not by DCs from other lymphoid organs 13 . 
Taken together, these observations may explain the notion of a common 
mucosal immune system' whereby immunocytes activated at one site 
disseminate immunity to remote mucosal tissues rather than to systemic 
sites. At the same time, because chemokines, integrins and cytokines are 
differentially expressed among mucosal tissues, this fact may also partly 
explain why, within the mucosal immune system, there is a significant 
degree of compartmentalization linking specific mucosal inductive sites 
with particular effector sites (e.g., the gut with the mammary glands and 
the nose with the respiratory and genital mucosae). 

The compartmentalization within the mucosal immune system 
places constraints on the choice of vaccination route for inducing 
effective immune responses at the desired sites (Fig. 1). Thus, whereas 
oral immunization may induce substantial antibody responses in the 
small intestine (strongest in the proximal segment), ascending colon 
and mammary and salivary glands, it is relatively inefficient at evoking 
an IgA antibody response in the distal segments of the large intes- 
tines, tonsils or female genital tract mucosa 14-16 . Conversely, rectal 
immunization evokes strong local antibody responses in the rectum 
but little, if any, response in the small intestine and in the proximal 
colon 15 " 17 . Nasal or tonsilar immunization in humans results in anti- 
body responses in the upper airway mucosa and regional secretions 
(saliva, nasal secretions) without evoking an immune response in the 
gut 18 > 19 ; however, and of special interest for possible vaccination against 
HIV and other sexually transmitted infections, not only vaginal but also 
nasal immunization has been found to give rise to substantial IgA and 
IgG antibody responses in the human cervicovaginal mucosae 16 ' 19 ' 20 . 
Another notable finding, if it can be confirmed in humans, is that in 
mice, transcutaneous immunization may induce a mucosal immune 
response in the female genital tract 21 . It should also be borne in mind 
that the menstrual status of females may influence the intensity of 
immune responses in genital secretions 19 ' 20 . 

Effector mechanisms 

In addition to the barrier function, mechanical cleansing mechanisms 
and different chemical antimicrobial factors or defensins provided by 
the lining epithelium of different mucosal tissues, the mucosa con- 
tains a number of other cells of the innate immune system, including 
phagocytic neutrophils and macrophages, DCs, NK cells and mast cells. 
Through a variety of mechanisms these cells contribute significantly to 
host defense against pathogens 22 and for initiating adaptive mucosal 
immune responses. 

The adaptive humoral immune defense at mucosal surfaces is to a 
large extent mediated by secretory IgA (SIgA) antibodies, the predomi- 
nant immunoglobulin class in human external secretions. The resis- 
tance of SIgA to proteases makes these antibodies uniquely suited 
for functioning in mucosal secretions (Box 1). The induction of IgA 
against mucosal pathogens and soluble protein antigens is dependent on 
T helper cells 23 ' 24 , although IgA immunity to commensal flora maybe 
thymus independent 25 and of low affinity 26 . In humans, transforming 
growth factor (TGF)-(3 and interleukin (IL)- 10 in concert with IL-4 have 
been shown to promote B-cell switch to IgA and differentiation into 
IgA-producing cells 27,28 . In this regard, in addition to mucosal T cells, 
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which produce large amounts of IL-4, IL- 10 and TGF-(3, human myo- 
epithelial cells provide a major source of TGF-|3 and IL-10, suggesting 
that cooperation between neighboring lymphocytes and epithelial cells 
in the mucosal microenvironment is pivotal for programming prefer- 
ential maturation of IgA- committed B cells. 

Although SIgA is the predominant humoral defense mechanism at 
mucosal surfaces, locally produced IgM and IgG, and in the lower respi- 
ratory tract and in the genitourinary mucosa, serum- derived IgG can 
also contribute significantly to immune defense. 
Gt Mucosal cytotoxic T lymphocyte (CTL) responses have been described 

0 after oral, nasal, rectal or vaginal immunization 29,30 , and recently also 
"§ after transcutaneous immunization 31 . Mucosal CTLs have been shown 
| to be crucial for the immune clearance of pathogens in several animal 
3 models of infection with enteric or respiratory viruses and intracellular 
c parasites 32-34 . In most studies, wild-type or attenuated viruses and bac- 
| teria have been required to induce CTLs in mucosal tissues. There are, 
Jjj however, exceptions to this rule, inasmuch as use of certain adjuvants 
s such as cholera toxin and related enterotoxins can promote mucosal CTL 
§ development when administered orally or nasally with soluble proteins 
| and peptides 35 ' 36 . Besides CTLs, interferon (IFN)-y-producing CD4 + 

1 T cells, induced either by the live pathogens or by mucosal immuni- 
a. zation with inactivated vaccines in combination with cholera toxin or 

]~ other mucosal adjuvants, have been found to be important for mucosal 
CL immune defense to both viral and bacterial infections; their protective 
g mechanism(s), however, remain to be defined 37 " 39 . Thus, appropriate 

0 adjuvants or delivery systems, or both, may critically favor the induction 
|p of protective mucosal cellular responses, and this notion is of importance 

^ for developing mucosal vaccines against intracellular pathogens. 

g Regulatory mechanisms 

& The mucosal immune system has evolved a variety of mechanisms to 
3 achieve and maintain tolerance against self- antigens and against the 
=| plethora of environmental antigens present in the microflora, in food 
g and among airborne matter. Studies in animal models have identified 
© that mucosal tolerance can be achieved through different mechanisms, 
@ including activation- induced cell death, anergy and, most important, 
the induction of regulatory T cells 40 . Anergy of antigen- specific T cells 
^gfg^has been reported after inhalation or ingestion of large quantities of 
|»oluble proteins 41 , and deletion of specific T cells only after mucosal 
v wk administration of massive, nonphysiological antigen doses 42 . Induction 
of regulatory cells after mucosal delivery of antigens has been reported 
in animal models for more than 25 years 43 and has received a major 



attention during the last few years given the potential of such regulatory 
cells as therapeutic agents in immune-mediated diseases. 

In mice, four main types of regulatory T cells have been described: 
(i) antigen-induced CD4 + T H 2-like cells that produce IL-4 and IL-10 
and antagonize the activity of T H 1 effector cells 44 ; (ii) CD4+CD45RB low 
Trl cells that function through the production of IL-10 (ref. 45); (iii) 
CD4 + or CD8 + T cells producing TGF-p (T H 3 cells) 46 ; and apparently 
most important, (iv) a population of naturally occurring CD4 + CD25 + 
regulatory T cells (T reg cells) that suppress proliferation through a cell 
contact-dependent mechanism 47 ' 48 . Although anergic in vitro, the latter 
cells can be expanded in an antigen- specific manner in vivo after immu- 
nization 49,50 . Notably, these cells may also confer suppressor activity 
on other CD4 + T cells by inducing the expression of the transcription 
factor Foxp3 and/or the major histocompatibility complex (MHC) class 
II-binding molecule LAG-3 in such cells ('infectious tolerance') 51,52 . 
Thereby, they may also provide a direct link between effector T-cell 
inhibition by T reg , T H 3 and Trl cells. Thus, natural human CD4 + CD25 + 
T reg expressing the mucosal a4(37 integrin, when co-cultured with con- 
ventional CD4 + T cells, induced Trl -like IL-10-secreting T cells with 
strong suppressor activity on effector T cells, whereas another, a4(3l- 
positive T reg subset in similar cultures instead induced T H 3-like TGF- 
|3-secreting suppressor T cells 51 . Recent evidence indicates that all of 
these different regulatory T cell types and mechanisms can be induced 
or expanded by mucosal administration of antigens leading to periph- 
eral tolerance (oral tolerance; J.-B. Sun etal, unpublished data). 

Intraepithelial CD8 + y5 T cells from the respiratory mucosa and from 
the small intestine have also been suggested to be involved in mucosal 
tolerance 53,54 . Despite their strategic location as the first immunocytes 
to encounter pathogens that have invaded an epithelial surface, the 
mechanisms of action of intraepithelial regulatory T cells are still largely 
unknown. The liver also seems to have a significant role in maintaining 
immunological silence to harmless antigenic material present in food. 
Regulatory T cells as well as NK and CD 1 -restricted NKT cells seem to 
contribute to the overall bias of hepatic immune responses toward tol- 
erance and this bias may account for the survival of liver allografts and 
the persistence of certain liver pathogens such as hepatitis viruses 55,56 . 
Thus, protection of mucosal organs from autoagressive and allergic 
diseases seems to involve several layers of regulation. 

Activation, expansion and survival of these various regulatory cells 
seem to be controlled by specialized types of APCs, especially tissue- 
specific DCs such as liver sinusoidal DCs, certain subpopulations of 
DCs in Peyer patches, mesenteric lymph nodes and small intestinal villi, 
or in the lungs 6,7,56,57 . Thus, mucosal DCs, depending on several major 
factors such as their tissue location, lineage to which they belong and 
the nature of maturation stimuli, can determine the character of the 
ensuing immune responses. Targeting regulatory or immunostimula- 
tory mucosal DCs constitutes a major challenge to the development of 
adjuvants and vaccine formulations. 

Mucosal vaccines against infections 

The primary reason for using a mucosal route of vaccination is that most 
infections affect or start from a mucosal surface, and that in these infec- 
tions, topical application of a vaccine is often required to induce a pro- 
tective immune response. Examples include gastrointestinal infections 
caused by Helicobacter pylori, Vibrio cholerae, enterotoxigenic Escherichia 
coli (ETEC), Shigella spp., Clostridium difficile, rotaviruses and calici 
viruses; respiratory infections caused by Mycoplasma pneumoniae, 
influenza virus and respiratory syncytial virus; and sexually transmit- 
ted genital infections caused by HIV, Chlamydia trachomatis, Neisseria 
gonorrhoeae and herpes simplex virus. These infections represent an 
enormous challenge for development of vaccines targeted to induce 
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immunity that can either prevent the infectious agent from attaching 
and colonizing at the mucosal epithelium (noninvasive bacteria), or 
from penetrating and replicating in the mucosa (viruses and invasive 
bacteria), and/or that can block microbial toxins from binding to and 
affecting epithelial and other target cells. 

A topical-mucosal route of vaccination seems to be crucial for pro- 
tective efficacy against noninvasive infections at mucosal surfaces that 
are normally impermeable to serum antibody transudation, or passive 
passage across an epithelium. Gastrointestinal infections with V. cholerae 
Gt or ETEC are examples of such infections, in which vaccine- induced 

0 protection is mediated mainly, if not exclusively, by locally produced 
"§ SIgA antibodies and is associated with immunologic memory. In other 
| instances, such as in H. pylori gastrointestinal infection and chlamydial 
s or herpes simplex virus genital infections, the protective immunity is 
c mediated mainly by mucosal CD4 + T helper cells and possibly also CD8 + 
| CTL and NK cells 37-39 . When, on the other hand, the infection occurs 
Jj at mucosal surfaces such as the respiratory and urogenital mucosae, 

5 which are more permeable than the intestine to transudation of serum 
§ antibodies, a parenteral route of vaccination may also be effective. The 
I* same may hold true for enteric infections in which the pathogen is first 

1 translocated across the epithelial barrier by intestinal membrane, or M, 
a, cells and then infects the basolateral side of the epithelium as is the case 
]~ with Shigella spp., or causes disease only after multiplying and inducing 
CL inflammation in the submucosal lymphoid tissues (most salmonellae) 
g and/or as for Salmonella typhi after further bacteremic spread in sys- 
O temic tissues. 

|p But despite the many attractive features of mucosal vaccination, it 
-gj has often proven difficult in practice to stimulate strong SIgA immune 
™ responses and protection by mucosal administration of antigens. In fact, 
~j as yet only half a dozen of the vaccines that are currently approved for 

6 human use are administered mucosally (Table 1 ). 

£ 

=| Oral polio vaccine. The oral polio vaccine (OPV) is the classical oral- 
g mucosal vaccine. In addition to its enormous impact for reducing polio in 
© the world, this vaccine has also served as a useful tool for elucidating fun- 
@ damental aspects of mucosal immunity in humans 58 . Like the injectable 
inactivated polio vaccine (IPV), OPV produces antibodies in the blood 
^gfg^that will protect against myelitis by preventing the spread of poliovirus 
|§H|to the nervous system. But, superior to IPV, OPV also produces a local 
v w SIgA immune response in the intestinal mucosa — the primary site for 
poliovirus entry and multiplication. This intestinal immune response can 
rapidly stop person-to-person transmission of wild poliovirus, making 
mass campaigns with OPV a powerful strategy for the global eradication 
of polio. At the same time, there is a low but real risk of reversion of OPV 
virus strains toward neurovirulence, which has led to the replacement of 
OPV by IPV in most industrialized countries. As the global eradication of 
polio is now approaching, concerns have been raised about the continued 
use of OPV in most developing countries after such eradication, and how 
to financially and logistically make it possible in these countries to use 
the safe but more expensive IPV instead. 

Vaccines against enteric infections. Enteric infections resulting in diar- 
rheal disease or typhoid fever remain a leading global health problem, 
causing an estimated 3 billion disease episodes and 3 million deaths 
annually in developing countries. Efficacious vaccines are now available 
against three of the main pathogens — V. cholerae, S. typhi and rotavirus 
— whereas vaccines are still lacking against the two other most important 
causes of disease, ETEC and Shigella. 

Cholera vaccines. Almost half of all diarrheas are the result of entero- 
toxin-producing bacteria. Among these, V. cholerae causes the most 



Table 1 Internationally licensed vaccines against mucosal infections 



Infection and vaccine(s) 


Route 


Trade name (producer(s)) 


Polio 






Live attenuated vaccine (OPV) 


Oral 


Many 


Cholera 






Cholera toxin B subunit + 
inactivated V. cholerae 01 
whole cells 


Oral 


Dukoral (SBL Vaccin) 


CVD 103. HgR live attenuated 
V. cholerae 01 strain 


Oral 


Orochol (Berna, SSVI) 


Typhoid 






Vi polysaccharide 


Deep subcutaneous 
or intramuscular 


TyphimVi (Aventis) 


Ty21a live attenuated vaccine 


Oral 


Vivotif (Berna, SSVI) 


Rotavirus 






Live attenuated monovalent 
human rotavirus strain 


Oral 


RotaRix 


Influenza 






Live attenuated cold-adapted 
influenza virus reassortant strains 


Nasal 


FluMist (Medlmmune) 



severe disease and epidemic outbreaks. Previously used injectable chol- 
era vaccines, which did not induce significant gut mucosal immune 
responses, afforded poor protection and have been abandoned. Recently, 
however, two improved oral cholera vaccines have become available. The 
most widely used of these vaccines (Dukoral), consisting of recombi- 
nantly produced cholera toxin B subunit (CTB) and inactivated V. chol- 
erae Ol whole cells covering different serotypes and biotypes, has proven 
to be safe and stable and has in large efficacy (designed to measure the 
intrinsic effects of vaccination when given under ideal conditions) and 
effectiveness (designed to measure the vaccination effect under condi- 
tions likely to predict how well the vaccine will perform in public health 
practice) trials in Bangladesh, Peru and Mozambique conferred 85-90% 
short-term (first 6 months) and 60% long-term (first 3 years) protection 
against cholera 59-61 together with evidence of strong herd immunity 62 . 
Protection is mediated by local production of antitoxic and antibacte- 
rial SIgA antibodies in the gut. Through its CTB component, this vac- 
cine also affords significant cross-protection against ETEC producing 
cholera toxin-like heat-labile toxin; ETEC is the most common cause 
of diarrheal disease both in children living in developing countries and 
among travelers to such countries. A simplified killed whole-cell cholera 
vaccine, without the CTB component, has also been produced, tested 
and licensed locally in Vietnam 63 . 

The second internationally licensed oral cholera vaccine is the live, 
attenuated vaccine CVD 103 -HgR, containing a genetically manipulated 
classical V. cholerae Ol Inaba strain with a deletion in the gene encod- 
ing cholera toxin 59 ' 64 . The vaccine has proven to be safe and has con- 
ferred 60-100% protection against experimental challenge with cholera 
organisms in North American volunteers. Based on this, CVD 103-HgR 
(Orochol) is licensed in several countries for use in travelers. But when 
the vaccine was tested in a large field trial in Indonesia, no significant 
protection was observed 65 , and hence the usefulness of this vaccine in 
cholera-endemic areas remains to be established. 
Typhoid fever vaccines. The old parenteral, killed whole-cell typhoid 
vaccine was effective, but it gave rise to severe local reactions and often 
fever. More recently, two safe and effective vaccines against typhoid fever 
have been licensed. The most widely used of these vaccines consists 
of purified capsular polysaccharide Vi antigen. This vaccine, which is 
given parenterally in a single dose, and is assumed to protect by way of 
serum antibodies, is well tolerated and, when tested in high- endemic 
countries, it gave 70% protection against typhoid fever during the first 
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12-18 months and 55% protection over a 3 -year study period 66 ' 67 . A 
locally produced Chinese Vi vaccine has afforded comparable (70%) 
protection 68 . 

The other licensed vaccine against typhoid fever is a live, attenuated 
oral vaccine, Ty21a, developed by chemical mutagenesis of a pathogenic 
S. typhi strain. Ty21a is well tolerated, and in schoolchildren in Chile three 
doses of the commercial enteric- coated capsule formulation were shown 
to provide 67% protective efficacy during the first 3 years of follow up 69 . 
The extent to which protection by this oral vaccine is mediated by local 
at mucosal immunity in the gut or by systemic immunity is not known. 

0 Rotavirus vaccines. Rotavirus together with ETEC is the most important 
"§ cause of diarrheal mortality in infants and children below 2 years of age, 
§ causing 500,000-600,000 deaths annually, mostly in developing countries. 
3 Most rotavirus strains belong to one of five antigenic groups. A quad- 
s' rivalent vaccine based on a Rhesus monkey rotavirus strain equipped 
| with human rotavirus genes was licensed for a short time (RotaShield), 
Jj but was withdrawn after it was suggested that the vaccine caused intus- 

5 susception (intestinal invagination) 70 . Recently, however, a new oral 
§ attenuated rotavirus vaccine (RotaRix) has been approved for human 
| use in a few countries 71 . This single-strain vaccine is based on an atten- 

1 uated human rotavirus strain and has shown good safety, and when 
a, tested in an efficacy trial in Brazil, Mexico and Venezuela, it conferred 
]~ 61-92% protection against rotavirus hospitalizations. The vaccine is 
CL currently being further evaluated in Europe, Latin America, Africa 
g and Asia. Another oral attenuated vaccine (RotaTeq) is also expected 
O to be licensed soon in the United States and other countries 70 . This is 

a pentavalent reassortant bovine- human vaccine generated to con- 
-gj tain human rotavirus genes for each of the main rotavirus serotypes. 

In Finnish infants, three doses of vaccine in different concentrations 
~* gave 59-77% protection against any rotavirus disease (T. Vesikari, 

6 H.E Clark and RA. Offit, personal communication) . 

£ 

-I Respiratory infections. Injectable vaccines against influenza and pneu- 
g mococcal infections have been in use for a long time. Their main protec- 
© tive mechanism is the induction of serum antibodies, mainly IgG, which 
@ prevent systemic spread of the pathogen and which may also, through 
transudation, exert a local protective effect at the mucosal surfaces of the 
^c^lower respiratory tract. Recently, however, a live influenza vaccine deliv- 
ered by intranasal spray (FluMist), comprising cold-adapted, tempera- 
ture-sensitive attenuated virus reassortant strains that are being adjusted 
to the antigenic needs for the actual influenza season, was licensed in the 
United States 72 . This vaccine induces an immune response that more 
closely resembles natural immunity than the response elicited by the 
injectable vaccine 73 . Both mucosal and systemic immunity contribute to 
resistance to influenza infection and disease: locally produced SIgA anti- 
bodies to virus surface hemagglutinin and neuraminidase are impor- 
tant for protection of the upper respiratory tract and corresponding 
serum IgG antibodies for protection of the lower respiratory tract and 
against viremia. Cell- mediated immunity, mainly against virus matrix 
and nucleoprotein antigens, does not protect against infection, but is 
important for clearance of virus and recovery from illness. The nasal 
vaccine induces significantly higher local IgA antibodies in nasal wash- 
ings and local cell- mediated immunity but less high serum antibody 
titers than the injectable vaccine. Despite these differences in immune 
responses, the two types of vaccine have comparable protective efficacy 
(60-90%), and in elderly people, their combined use may increase the 
efficacy compared with the use of either vaccine alone. 

Mucosal vaccines for immunotherapy 

Immune responses are not fail-safe and may underserve or be excessive 
in protecting the host. As discussed above, several regulatory mecha- 



nisms to maintain control of mucosal immune reactivity are in place 
and are becoming increasingly appreciated as targets for manipulat- 
ing immunopathologic responses. Mucosally induced immunological 
tolerance has become an attractive strategy for preventing and possibly 
treating illnesses resulting from the development of untoward immune 
reactions against allergens as well as self- antigens. 

Vaccines against autoimmune diseases. Because induction of muco- 
sal tolerance is antigen- specific but can be expressed in a nonspecific 
manner ('bystander suppression') through the production of sup- 
pressive cytokines by regulatory T cells in the inflamed microenviron- 
ment of the target organ, this approach has been utilized to suppress 
immune responses against self- antigens; however, it should be noted 
that bystander suppression remains to be documented in humans. It has 
been possible to prevent or to delay onset of experimental autoimmune 
diseases in various animal systems by feeding subjects selected autoanti- 
gens or peptide derivatives 40 (for example, in rodent models of autoim- 
mune arthritis, type 1 diabetes, experimental autoimmune encephalitis, 
myasthenia gravis, autoimmune ear chondritis, autoimmune uveitis and 
autoimmune thyroiditis) . In addition to the oral route, virtually all other 
routes of mucosal administration (nasal, buccal, rectal, genital) are also 
effective to induce tolerance, although to varying degrees. The dosage, 
the route and frequency of autoantigen administration have proven to 
be crucial. Thus, whereas low doses of nasally administered antigens 
favor expansion of regulatory T cells producing IL-10, low doses of orally 
administered antigen promote activation of CD8 + and/or CD4 + regula- 
tory T cells producing TGF-(3. Large doses of antigens seem to induce 
anergy of effector CD4 + T cells, whereas massive doses can induce their 
apoptosis. 

Although mucosal tolerance is usually effective in animal models for 
preventing inducible autoimmune diseases, its efficacy has been more 
variable and limited when utilized as an intervention strategy in animals 
in which the disease had already been induced or had spontaneously 
developed. This may explain, in part, the disappointing results of recent 
phase 3 clinical trials of oral tolerance in individuals with type 1 diabetes 74 , 
multiple sclerosis 75 and rheumatoid arthritis 76 , diseases in which there 
maybe multiple target autoantigens that remain largely unknown. 

A significant improvement has been achieved by coadministering 
immunomodulating agents to enhance the tolerogenic activity of auto- 
antigens as well as allergens given orally or nasally. The most promising 
such agent is CTB, which when conjugated or coadministered with sev- 
eral autoantigens or allergens can markedly enhance tolerance induction 
in already sensitized animals and thereby effectively suppress progres- 
sion of various autoimmune diseases 77 " 81 . Recently, a small phase 1-2 
trial in individuals with Behcet disease, an autoimmune eye disease often 
associated with extraocular manifestations and abnormal T cell reactiv- 
ity to a specific peptide within the human 60-kDa heat-shock protein, 
has shown the safety and clinical efficacy of treatment with an oral vac- 
cine comprised of this specific peptide linked to CTB 82 . 

Antiallergy vaccines. Less well appreciated, this approach has given 
almost uniformly promising results in individuals with allergic disorders, 
to the extent that a World Health Organization expert group in a posi- 
tion paper recommended sublingual allergen-specific immunotherapy 
as the suitable treatment for allergic rhinitis in adults. The prevalence 
and severity of allergic diseases, in particular those affecting the respira- 
tory tract, are increasing, and up to 20% of the population in developed 
countries are affected. Allergic rhinitis is one of the most common types 
of mucosal allergies, leading to asthma and early symptoms caused by 
a hypersensitivity response to airborne allergens such as pollens, dust 
mites, spores and animal dander. Type I allergy seems to result from 
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the selective activation of allergen- specific T H 2 CD4 + T cells providing 
cognate help to IgE-committed B cells and resulting in hyperproduction 
of IgE. Specific inactivation of these allergen- specific T H 2 cells through 
clonal anergy, induction of T H l-like cells, which are known to antago- 
nize T H 2 cells (immune deviation), or induction of regulatory cells, are 
considered to be promising approaches for intervention in type I allergic 
diseases. Systemic allergen- specific immunotherapy by the injection of 
multiple (20 doses or more) small but increasing amounts of allergen 
can change a pre-existing allergic T H 2 immune response to a nonal- 
cu lergic T H 1 response. But this usually requires several years of treatment 

0 to be effective and the success rate is well below 50% . It is expensive and 
"§ complicated, and also carries the risk of allergic and sometimes even 
| life- threatening anaphylactic reactions. 

3 The ability of secretory antibodies to interfere with the entry of aller- 
c gens through the airway and the gut epithelium has been underesti- 
| mated, despite the fact that SIgA is known to be noninflammatory and 
Jj its daily output in external secretions exceeds that of IgG and by far that 
s of IgE antibodies, which it could outcompete for binding to the target 
§ allergen. Furthermore, and at variance with systemic immunization, 
| mucosal administration of antigens can induce SIgA antibody responses 

1 and, concomitantly, local and peripheral suppression of inflammatory 
a. responses. Because mucosal, especially oral or sublingual, vaccines are 
]~ easier to deliver and safer than injectable vaccines, the concept of 'muco- 
CL sal desensitization' has become increasingly attractive as an alternative 
g to subcutaneous immunotherapy against type I allergies. 

O To date, more than 20 double-blind, placebo-controlled clinical trials of 

|p mucosal desensitization have been performed in individuals with allergic 

& rhinitis and in individuals with bronchial asthma 83 (Table 2) . Most studies 
• ... . .... 

™ have involved individuals with allergic rhinitis and have been based on oral 

~j and/or sublingual administration of allergen extracts from grass pollen, 
& dust mites, cat, birch pollen, ragweed and Parietaria. Beneficial effects have 
3 been reported in the maj ority of these studies. In long-term studies of indi- 
=| viduals with allergic asthma to house dust mites, oral-sublingual immu- 
g notherapy with allergen extract was efficient in reducing the frequency of 
© asthmatic attacks and the use of antiasthmatic drugs 84 . Promising results 
@ have also been reported in individuals with atopic dermatitis 85 . 

Overall, the doses of allergen used in these trials and the frequency 
j^p^of allergen administrations have been rather high and, in the majority 
|§H|of trials, natural, and thus inherently heterogeneous, allergen extracts 
v ~ v have been used. New techniques including allergen modification, aller- 
gen gene vaccination or peptide analogs in combination with selected 
adjuvants should further increase the safety and efficacy of mucosal 
immunotherapy in allergies and asthma 86 . 

Needs for improved mucosal vaccine formulations 

The development of mucosal vaccines, whether for prevention of infec- 
tious diseases or for oral-tolerance immunotherapy, requires efficient 
antigen delivery and adjuvant systems. Ideally, such systems should (i) 
protect the vaccine from physical elimination and enzymatic digestion, 

(ii) target mucosal inductive sites including membrane, or M, cells, and 

(iii) at least for vaccines against infections, appropriately stimulate the 
innate immune system to generate effective adaptive immunity. 



Table 2 Successful sublingual allergy immunotherapy trials 3 



N trials 


Allergen 


n individuals 


Adult or child 


Duration 


1 


Ragweed 


55 


Adults 


7.5 months 


6 


House dust mite 


118 


Adults and children 


3-24 months 


2 


Olive pollen 


43 


Adults and children 


2 months 


5 


Parietaria 


79 


Adults and children 


6-24 months 


5 


Grass 


154 


Adults 


3-18 months 


1 


Cat dander 


20 


Adults 


3-5 months 


1 


Tree pollen 


15 


Adults 


4-6 months 



a As assessed by reduction in both clinical symptoms and use of antiallergic medication. 
Adapted from ref. 83. Duration indicates duration of treatment. 



plant lectins and bacterial proteins such as the binding subunit portions 
of cholera toxin or E. colt heat-labile enterotoxin, to which antigens have 
been linked either chemically or as gene fusion proteins. 

Among the many live bacterial vectors developed, two main catego- 
ries can be distinguished: those based on attenuated pathogens such as 
Salmonella typhi or S. paratyphi, Bacille Calmette-Guerin or Bordetella 
pertussis; and those that use commensal bacteria, such as lactobacilli 
or certain streptococci and staphylococci. The initial use of vaccinia as 
the primary virus vector candidate has progressively been replaced by 
other poxviruses, such as canary poxvirus, and by adenoviruses. Several 
of the live vectors of both bacterial and viral origin have also been engi- 
neered to provide various cytokines to further stimulate or modulate the 
immune responses induced. But although many of these systems have 
shown promise in animal studies, there is still neither an inert nor a live 
vector approved for human use. 

Promising results have recently been reported from the use of 
so-called pseudoviruses, or virus-like particles (VLPs). These are 
self- assembling, nonreplicating viral core structures, often from non- 
enveloped viruses, that are produced recombinantly in vitro. VLPs are 
cheap and easy to make, as well as highly immunogenic, and are there- 
fore of commercial interest as viral vaccines in their own right. VLPs 
can, however, also be used as combined carriers and adjuvants both 
for foreign antigens expressed recombinantly on their surface, and for 
DNA vaccines carried within VLPs. VLPs are especially interesting from 
a mucosal vaccine point of view, as they offer the opportunity to use the 
natural route of transmission of the parent virus for vaccine delivery. 
Promising use of this principle, resulting in both SIgA and CTL mucosal 
immune responses and protection against mucosal pathogen challenge, 
has been reported from studies both in animals and in humans with 
VLPs from several mucosal viral pathogens including papillomavirus 90 , 
calicivirus 91 and hepatitis E virus 92 . 

Mucosal adjuvants. When it comes to specific adjuvants, the best- stud- 
ied and most potent mucosal adjuvants in experimental systems are 
cholera toxin and E. coli heat-labile enterotoxin 93,94 , and much effort has 
been made recently to generate toxicologically acceptable derivatives of 
these toxins with retained adjuvant activity for human use (Fig. 2). 

One such product is the completely nontoxic recombinantly produced 
CTB, which, depending upon the nature of the coadministered anti- 
gen, can be used to promote either mucosal immunity (mainly SIgA) 
to pathogens or peripheral anti-inflammatory tolerance to self- antigens 
or allergens 93 ; the latter approach has recently also been tested clinically 
with promising results in individuals with Behcet disease 82 . 

Mutant heat-labile enterotoxin or cholera toxin proteins have also 
been made in which the toxic- active A (Al ) subunit has been modified 
in various ways to remove the 'toxic' ADP-ribosylating activity, which 
leads to toxicity. In general, a loss of toxicity has been matched with a 



Mucosal delivery systems. A multitude of such vehicles have been devel- 
oped, including various inert systems as well as live attenuated bacterial 
or viral vector systems 87 " 89 . 

Best known among the inert systems are various lipid-based struc- 
tures with entrapped antigens, such as liposomes, immunostimulating 
complexes (ISCOMs) and so-called cochleates; different types of biode- 
gradable particles based on starch or copolymers of lactic and glycolic 
acid; and different mucosa-binding proteins, including both classical 
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corresponding loss of adjuvanticity, but a few proteins are available with 
significant adjuvanticity in the absence of detectable toxicity when given 
intranasally 95 " 97 . 

Yet another approach has been to prepare hybrid molecules in which 
the fully active cholera toxin A 1 subunit has been linked to an engineered 
specific APC-binding protein derived from Staphylococcus aureus protein 
A (CTA1-DD) 98 . This specifically targets the molecule to B cells and has, 
in experimental systems, proven to be a very efficient and safe adjuvant 
for coadministered antigens when given intranasally. The incorporation 
of CTA1-DD and antigen into ISCOM particles may render the adjuvant 
effective for oral use 98 . 

Bacterial DNA or synthetic oligodeoxynucleotides containing 
unmethylated 'CpG motifs' (CpG ODN) represent another promis- 
ing type of mucosal adjuvant. CpG ODN stimulate cells that express 
Toll- like receptor 9, thereby initiating an immunomodulating cascade. 
Although as yet mainly considered for systemic use, CpG ODN has been 
found after nasal, oral or vaginal administration to markedly enhance 
both innate and adaptive mucosal immunity in animal models 99,100 , 
effects which were especially pronounced when CpG ODN was linked 
to the B subunit protein of cholera toxin 100 . 



s 
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Conclusions and perspectives 

For many years, mucosal immunity and mucosal vaccines have attracted less 
than their due share of research and development, considering that most 
infections and environmental allergies have a mucosal portal of entry. 

But in recent years, methodological advances allowing more intense 
study of mucosal immune responses have led to growing interest in both 
trying to better understand the specific features of mucosal as compared 
with systemic immunity, and to develop mucosal vaccines for preventing 
mucosal infections and for treating allergic or autoimmune diseases. 
Methods that facilitate the monitoring of mucosal immune responses in 
humans including infants and young children — the major target groups 
for vaccination against infectious diseases — have been developed, pri- 
ll} marily for measuring secretory antibody responses . But practical assays 
© for assessing mucosal T cell reactivity in clinical and in field settings are 
@ still scarce and methods for predicting efficacy of candidate mucosal 
immunotherapeutics in humans are lacking. 

Mucosal immune responses in the humoral- secretory arm of the 
Siramune system develop earlier than systemic immune responsiveness, 
~ v conferring a logistical advantage for mucosal vaccination in infants. On 
the other hand, it seems that mucosal tolerance develops much later, 
explaining, in part, the frequency (and often transient nature) of food 
allergies in young children. There is yet no precise knowledge regarding 
the ontogeny of the different mucosal regulatory cells for which selective 
targeting and activation by appropriate delivery systems and immuno- 
modulating agents could be advantageous for preventing allergies and 
tissue- damaging inflammatory reactions. 

Although effective oral- mucosal vaccines for human use are available, it is 
increasingly appreciated that the development of a broader range of muco- 
sal vaccines, whether for prevention of infectious diseases or for immuno- 
therapy of autoimmune, allergic or infectious inflammatory disorders, will 
require access to antigen delivery systems that can help present the relevant 
'protective antigens' efficiently to the mucosal immune system as well as 
effective adjuvants to promote and direct the mucosal immune response 
toward the desired effect. Significant advances have recently been made 
in the development of improved mucosal vaccine delivery systems. Novel 
mucosal adjuvants with prospects for human use have also been designed. 

Although these developments may promising useful mucosal vac- 
cines, their usefulness in humans has yet to be established. It remains 
to be seen to what extent the safety and efficacy profiles established in 
animal models hold true in genetically diverse human subjects who also 



Single mutations in ADPR site 
(e.g. LTK63) 



Single mutations to block 
'nicking' (e.g. LTG192) 



Peptide extension to block 
ADPR site (e.g. 23-CT) 



CTA1 linked to non-CTB 
APC-binding protein 
(e.g. CTA1-DD) 



CpG ODNs linked to CTB 




Figure 2 Different approaches toward development of mucosal adjuvants 
based on detoxified cholera toxin (CT) or E. coli heat-labile enterotoxin (LT). 
(ADPR, ADP-ribosylating; APC, antigen-presenting cell; CTB, cholera toxin 
subunit B.) 



may differ significantly in their intestinal flora, nutritional status and 
previous immunological experience, all of which are factors that have 
been found to affect mucosal vaccine efficacy. Indeed, several muco- 
sal vaccines, including oral live cholera vaccine and rotavirus vaccine 
candidates as well as OPV, have been found to work less well in devel- 
oping country settings than in industrialized countries. The pandemic 
HIV infection problem presents additional challenges with regard to 
both vaccine safety and efficacy, especially for live attenuated vaccines. 
Although the main problems to date have dealt with lesser than expected 
efficacy of mucosal vaccines when tested in specific populations and set- 
tings, usually those prevailing in developing countries, it is also notable 
that two recently developed mucosal vaccines for human use — a live 
attenuated oral rotavirus vaccine and a nasal influenza subunit vaccine 
given together with (unmodified) E. coli heat-labile enterotoxin as adju- 
vant — were withdrawn after a short period because of adverse reactions, 
underlining the difficult and challenging task for all vaccines to combine 
vaccine and adjuvant efficacy with safety and public acceptability. 
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